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FOREWORD 


This  is  the  first  book  of  its  kind,  so  far  as  I  am  aware,  in  which  the 
experience  of  mankind  in  the  thermal  preservation  of  foods,  covering 
approximately  150  years  of  trial  and  error  plus  about  three  decades  of 
scientific  study  of  thermal  processes,  has  been  collated,  codified,  ana¬ 
lyzed,  rationalized,  and  systematized. 

In  recent  years  the  huge  accumulation  of  knowledge  in  every  field  of 
endeavor  has  made  it  all  but  impossible  to  write  a  technical  book  that  is 
not  a  compilation  of  the  discoveries  of  other  workers.  Yet  here  is  a  work 
that  comes  close  to  having  been  written  from  scratch,  for  relatively  little 
of  it  has  been  taken  from  the  works  of  other  authors.  The  ideas  and 
concepts,  when  originally  proposed  by  the  authors,  were  far  ahead  of 
what  their  contemporary  food  technologists  were  willing  to  accept. 
Skepticism,  based  on  the  belief  that  biological  phenomena  were  not  sus¬ 
ceptible  to  rigorous  mathematical  treatment,  lasted  for  about  10  years, 
but  in  the  ensuing  decade  there  came  about  a  slow  acceptance  of  this 
system  of  calculating  and  evaluating  thermal  processes.  It  was  because 
of  this  skepticism  that  Dr.  Ball’s  original  publication  in  1923  was  a 
National  Research  Council  Monograph  instead  of  an  official  bulletin 
from  the  industry  that  utilizes  thermal  sterilization  of  foods.  And  even 
his  second  publication  was  by  the  University  of  California  Press  for  a 


similar  reason. 

Dr.  Ball’s  approach  to  the  problem  of  process  calculation  is  the  engi¬ 
neering  approach.  An  engineer,  it  is  often  said,  can  usually  arrive  at  the 
correct  conclusion  from  insufficient  data.  He  can  do  so  by  virtue  of  his 
mathematical  reasoning  and  skillful  use  of  empirical  equations.  Dr 
Olson  became  interested  in  these  problems  in  1934,  not  as  an  engineer 
but  as  a  mathematical  physicist.  He  devoted  his  energies  to  the  reduc¬ 
tion  to  practice  of  the  mathematical  theory  of  the  conduction  of  heat  to 
he  mechanics  of  heat  conduction,  the  improvement  of  process-calcula¬ 
tion  methods,  and  to  putting  on  a  sound  theoretical  basis  some  of  the 
engineering  types  of  assumptions  that  Dr.  Hall  had  made  regarding  the 
behavior  of  barter, a.  His  ideas  of  the  latter,  like  Dr.  Ball’s  earlier™* 

.  consldered]to°  radical  for  publication,  and  they  existed  only  in  tech’ 
meal  memoranda.  Gradually,  however,  these  ideas  diffused  through  th 
industry  and  eventually  won  acceptance.  They  even  became  respect- 
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able!  In  1943,  on  Dr.  Olson’s  suggestion,  the  authors  joined  hands  and 
began  work  in  the  preparation  of  this  volume. 

In  this  book  the  authors  have  shown  the  method  of  reaching  a  correct 
thermal  process  from  laboratory  data  that  at  one  time  baffled  many 
workers  as  to  the  correct  interpretation.  They  have  also  described  in  a 
practical  way  the  engineering  problems  that  are  met  when  endeavoring 
to  apply  the  processing  conditions  that  have  been  calculated  from  the 
laboratory  data. 

In  a  lecture  at  Harvard  Medical  School  on  April  28,  1931,  on  the  sub¬ 
ject  "The  Protective  Measures  of  the  State  of  California  against  Botu¬ 
lism,”  Dr.  Karl  F.  Meyer  (now  Emeritus  Director  of  the  Hooper  Foun¬ 
dation  for  Medical  Research)  paid  tribute  to  the  labors  of  Dr.  Ball  in 
these  words: 

Such  calculations  have  been  materially  assisted  by  the  elaborate  studies  of 
Ball.  His  formulae  take  into  account  every  possible  factor,  such  as  initial  tem¬ 
perature  at  the  center  of  the  can,  the  length  and  character  of  the  exhaust,  the 
temperature  of  the  retort  before  it  was  filled  with  food  to  be  sterilized,  the  accu¬ 
racy  of  the  retort  thermometers,  etc.  Time  does  not  permit  even  a  superficial 
evaluation  of  this  fundamental  contribution.  Suffice  it  to  state,  however,  that 
the  value  of  the  theoretical  processes  lies  chiefly  in  the  fact  that  they  make  prac¬ 
tical  an  intensive  study  of  sterilization  which  otherwise  would  be  almost  impos¬ 
sible  because  of  the  amount  of  work  involved.* 

It  is  a  noteworthy  fact  that  the  method  for  calculating  the  rates  of 
destruction  of  vitamins  and  other  desirable  food  attributes  that  are  vul¬ 
nerable  to  lethal  agents  (published  for  the  first  time  in  this  book  in  Chap¬ 
ter  15)  stands  today  in  essentially  the  same  position  in  respect  to  the 
nutrition  and  quality-control  aspects  of  the  food  industry  as  did  the  proc¬ 
ess-calculation  method  in  1923  in  respect  to  the  practice  of  food  steriliza¬ 
tion.  This  method  of  predicting  the  degrees  of  destruction  of  desirable 
factors  in  foods  will  accelerate  research  and  the  evaluation  of  commercial 
processes. 

Nutritionists  and  quality-control  workers  may  be  hesitant  to  accept 
this  system  of  evaluation,  just  as  were  the  workers  in  food  sterilization 
in  respect  to  the  process-calculation  method  30  years  ago.  Yet  the  cal¬ 
culation  method  dealing  with  the  destruction  of  desirable  food  elements 
has  the  same  solidity  of  foundation  as  the  methods  for  evaluating  sterili¬ 
zation  processes.  Hence,  in  the  light  of  the  success  which  has  attended 
the  use  of  the  latter  methods,  both  in  the  laboratory  and  in  the  industrial 
plant,  it  is  to  be  expected  that  workers  in  nutrition  and  quality  control 
will  show  less  skepticism  and  inertia  in  adopting  the  new  techniques  than 
were  characteristic  of  workers  long  ago  in  the  field  of  sterilization. 

With  the  seemingly  inevitable  future  application  of  other  forms  of 

*  Journal  of  Preventive  Medicine,  5  (4),  261-293,  (1931). 
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radiant  energy  to  bacterial  destruction,  this  volume  should  serve  as  a 
guide  and  reference  point  to  all  who  work  in  the  field  of  food  preserva¬ 
tion.  While  the  largest  single  application  of  thermal  sterilization  appears 
to  lie  in  food  preservation,  there  are  other  applications  of  these  methods 
of  calculation,  especially  in  the  pharmaceutical  industry. 

The  only  possible  befitting  addition  to  this  monumental  work  would 
seem  to  be  the  human  interest  tale  of  the  strange  breed  of  men  who 
called  themselves  “Processors”  back  in  the  period  of  about  1865  to  1890. 
They  went  from  plant  to  plant  during  the  canning  season,  often  wearing 
stovepipe  hats  and  commanding  what  was  considered  to  be  a  fabulous 
salary  in  those  days  of  $0.10  an  hour  for  common  labor.  All  of  them 
had  one  trait  in  common — secrecy.  They  worked  behind  locked  doors, 
where  not  even  the  owner  of  the  factory  was  permitted  to  enter,  and  took 
charge  of  processing  the  cans  of  food  in  a  calcium  chloride  bath.  That 
the  industry  survived  their  uninformed  ministrations  is  a  tribute  to  both 
the  strength  of  the  cans  and  the  fortitude  of  the  pioneer  canners  of  that 
day. 


Laurence  V.  Burton 
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Sterilization  is  a  broad  subject.  This  book  is  titled  “Sterilization  in 
Food  Technology”  because  its  writing  was  inspired  by  the  success  which 
attended  the  practical  application  in  the  food  canning  industry  of  a  sys¬ 
tem  of  determining  heat  processes  required  for  sterilization. 

The  authors  believe  that  in  the  field  of  sterilization,  either  in  engineer¬ 
ing  or  in  scientific  practice,  there  is  no  counterpart  to  the  system  described 
in  this  book.  Therefore  they  were  moved  to  present  a  description  of  this 
system  after  it  had  proved  its  value  through  33  years  of  useful  service. 
It  is  hoped  thereby  to  attract  attention  to  the  potentiality  inherent  in 
empirical  mathematics  to  aid  in  the  solution  of  problems  of  science  and 
engineering  with  a  minimum  of  experimentation.  There  are  many 
potential  applications  that  have  never  been  thought  of;  there  are  many 
others  that  have  been  conceived  but  not  pursued  because  the  job  of 
development  appeared  too  formidable.  It  is  reasonably  expected  that 
the  procedures  displayed  in  this  book  will,  with  little  or  no  modification, 
find  many  new  applications. 


In  describing  the  development  of  the  mathematical  structure  of  this 
system,  it  is  the  authors  intention  to  present  a  comprehensive  exposition 
of  basic  principles  of  sterilization,  including  physical,  biological,  and 
mathematical  concepts,  upon  which  the  structure  is  founded. 

This  book  has  been  14  painful  years  in  the  making  and,  while  we  have 
tried  to  present  a  consistent  treatment,  certain  flaws  may  become 
apparent  in  the  reading  and  using  of  the  book  and  we  would  be  pleased 
to  have  these,  as  well  as  ordinary  misprints,  called  to  our  attention. 
Requirements  as  to  sophistication  vary  among  the  different  sections 
J  he  subject  is  too  broad  to  permit  holding  to  a  constant  level  of  sophisti¬ 
cation  throughout  the  text.  In  the  course  of  the  presentation  certain 
principles  are  highly  developed  and  others  are  less  well  developed 

he  symbohsra  employed  is  of  two  types-one,  a  mathematical  nota¬ 
tion  of  classical  nature  where  simplicity  is  essential,  the  other  a  com- 
pu  ci  s  notation  where  it  is  necessary  to  identify  the  many  computed 
numbers  by  a  complex  system  of  notation.  The  latter  is  immic 


ix 


X 


PREFACE 


The  plan  of  this  book  is  as  follows: 

Chapter  1  is  a  philosophical  introduction  to  the  subject. 

In  Chapter  2,  historical  facts  about  food  preservation  are  recounted 
and  the  technical  and  engineering  aspects  of  past  and  present  practice  in 
food  preservation  are  described. 

An  introduction  to  the  principles  underlying  process-evaluation  pro¬ 
cedures  is  presented  in  Chapter  3  in  the  form  of  a  theoretical  analysis  of 
the  foundation  of  those  procedures. 

The  next  six  chapters  (4  to  9)  give  the  basic  mathematics  of  process 
evaluation,  which  is  in  two  divisions.  First,  in  Chapter  4,  is  the  division 
applying  to  microorganisms  or  other  elements  that  are  affected  by  the 
destructive  agents.  Second,  in  Chapters  5  to  9  is  that  applying  to  the 
intensity  of  the  action,  or  to  the  dose,  of  the  destructive  agent.  The  lat¬ 
ter  mathematical  treatment  applies  specifically  to  heat,  although  it  is 
illustrative  of  an  approach  which  is  valid  for  other  destructive  agents, 
such  as  ionizing  radiations. 

Chapters  10  to  13  are  historical  in  respect  to  process  evaluation 
methods.  Inoculated  packs,  the  oldest  form  of  evaluation  procedure 
involving  scientific  use  of  microorganisms,  are  described,  then  the  first 
mathematical  method — a  graphical  method,  known  as  the  general  method 

is  presented.  This  is  followed  by  an  exposition  on  the  first  formula 
method ,  a  development  of  the  1920’s,  which  utilizes  the  basic  mathematical 
formulas  developed  in  Chapters  4  to  9,  and  by  examples  illustrating  the 
use  of  the  general  method.  These  chapters  will  be  especially  appreci¬ 
ated  by  those  who  have  had  a  direct  interest  in  the  general  method  and 
the  older  formula  method. 

Chapters  14  and  15  give  the  development  and  illustrate  the  use  of  two 
improved  formula  methods  of  evaluating  processes,  both  of  which  are 
based  upon  the  mathematics  of  Chapters  4  to  9.  The  procedure  of 
Chapter  14  utilizes  the  lethal  effect  at  a  single  point  in  a  mass  of  food 
material  as  its  criterion  of  evaluation.  The  criterion  of  the  evaluation 
accomplished  by  the  method  of  Chapter  15  is  the  average  lethal  effect  in 
all  portions  of  a  mass  of  food. 

The  book  closes  with  a  discussion  of  miscellaneous  topics  of  process 
evaluation. 

To  our  personal  acquaintances  who  may  have  an  interest  in  the  man¬ 
ner  in  which  the  manuscript  of  this  book  was  developed,  a  special  remark 
about  Chapters  11  to  15  might  be  appropriate  here.  Chapters  11,  12,  and 
13,  comprising  a  description  of  the  general  method  and  of  the  original 
formula  calculation  method  with  a  lucid  coverage  of  underlying  princi¬ 
ples  not  previously  published,  are  the  work  of  the  junior  author  while 
Chapter  14  and  the  detailed  development  of  Chapter  15  came  from  the 
efforts  of  the  senior  author  and  (may  it  be  said  in  connection  with  the 
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exhausting  tasks  of  compiling,  checking,  and  typing  the  voluminous 
tables)  of  his  tireless,  ever-helpful  wife. 

It  should  be  stated  that  the  ability  to  utilize  the  calculation  procedures 
of  Chapters  14  and  15  is  not  dependent  upon  the  possession  by  the 
worker  of  an  understanding  of  the  mathematics  of  Chapters  4  to  13  nor 
even  of  the  mathematics  in  the  earlier  portions  of  Chapters  14  and  15. 
The  rule-of-thumb  procedures  of  solving  problems  presented  as  examples 
in  Chapters  14  and  15,  as  well  as  the  examples  (20  and  21)  in  Chapter 
13,  illustrating  the  general  method,  and  the  nomogram  methods  of 
Chapter  16,  can  be  used  successfully  by  one  whose  mathematical  under¬ 
standing  has  never  gone  beyond  elementary  algebra.  He  should  have 
studied  algebra  sufficiently  to  have  acquired  an  understanding  of  the  use 
of  symbols  to  represent  numerical  values.  The  experience  of  almost 
30  years  with  examples  presented  in  the  same  manner  in  MSTPCF* 
attest  to  this  fact.  If  one  is  to  successfully  compute  predicted  effects  of 
food  processes,  however,  he  should  acquire  a  broad  understanding  of 
the  principles  involved  in  process-evaluation  procedures,  so  that  he  will 
be  able  to  place  a  correct  interpretation  upon  the  existing  conditions  in 
any  situation  involved  in  the  evaluation.  The  assignment  of  values  to 
parameters  depends  upon  this  interpretation,  and,  of  course,  the  results 
of  the  calculation  depend  upon  the  selection  of  values  for  the  parameters. 
The  \  alidity  of  a  determination  depends  upon  the  correctness  of  the 
assignment  of  these  values.  Therefore,  the  validity  of  a  worker’s  results 
is  determined  by  his  understanding  of  the  principles  upon  which  steriliza¬ 
tion  depends.  This  understanding  comes  largely  from  experience  but  a 
correct  orientation  of  attitude  and  viewpoint  is  necessary  before  the 
acquirement  of  full  benefit  from  experience  is  possible.  For  the  non- 
mathematically  inclined  worker,  such  an  orientation  should  be  promoted 
by  a  careful  study  of  Chapters  1,  2,  and  3  and  of  the  nonmathematical 
portions  of  Chapters  4  to  13.  In  the  latter  group  of  chapters 
“h™  principles  are  necessarily  interwoven  with  the  mathe- 

•  .  oveier,  an  attempt  has  been  made  to  put  intelligibility  into 
these  discussions  for  the  worker  who  desires  not  to  become  absorbed  in 

gesteTthatTs08'  7  7  W°rker  with  a  mathematical  bent,  it  is  sug¬ 
gested  that  his  over-all  understanding  of  our  subject  will  be  improved  hv 

giving  attention  to  the  mathematical  developments  '' 

prod:::  undranding  of  the  sub^‘  * 

agents  and  an  understanding  of  meUiods^sed  tn  the'n^  7  7  *  '7*' 

a  thorough  study  of  Chapters  2  and  3  the  practice  of  processing, 

*  MSTpp_  . ,  ,  1  S  2  and  3’ the  ^mathematical  parts  of  Chap- 

Problems  on  Thermal  Processing  of  Canned  f'8  d°°V°r  “  Mathematical  Solution  of 
{Berkeley)  Puh.  Puhlic  (2)^  ^5  Charh»  °Hn  Calif. 
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ter  4,  the  part  of  Chapter  8  beginning  with  page  254,  and  Chapters  9  and 
10  is  recommended. 

The  task  of  acknowledging  completely  the  aid  received  from  many 
sources  is  one  we  would  gladly  assume  if  it  were  possible  to  do  so.  In¬ 
stead,  we  shall  simply  express  our  appreciation  to  certain  organizations 
and  individuals  to  whom  we  owe  special  debts  of  gratitude.  First,  we 
mention  the  American  Can  Company,  the  Continental  Can  Company, 
the  National  Canners  Association,  and  our  many  friends  and  coworkers 
in  these  organizations.  Special  thanks  are  due  also  to  Larry  Burton  for 
his  interest  and  encouragement  and  to  Glenn  Boyd  for  computing  and 
compiling  the  skeleton  tables  which  eventually  became  Tables  14.3,  14.4, 
15.2,  and  15.3.  Our  wives  have  borne  many  burdens  incident  to  the 
writing  and  publishing  of  this  book.  Finally,  our  heartfelt  gratitude 
goes  to  those  unsung  heroes,  the  typesetters  at  the  Maple  Press,  for  their 
painstaking  care  in  setting  the  equations  and  tables,  making  our  task  of 
proofreading  a  mere  drudgery  instead  of  a  nightmare. 

Now,  with  an  apology,  we  must  convey  a  message  which  does  not 
properly  belong  in  the  preface.  During  the  preparation  of  the  index,  it 
was  discovered  that  a  statement  on  the  system  of  notation  used  for  the 
designation  of  the  dimensions  of  cylindrical  metal  containers  was  inad¬ 
vertently  omitted  from  the  text.  What  to  do?  Pagination  of  the  text 
had  already  been  effected.  Permit  us  to  quote  here  a  passage  from 
National  Canners  Association  Bulletin  26L,  Eighth  Edition,  1955: 

The  can  sizes  are  given  in  the  nomenclature  usually  employed  in  the  industry, 
which  avoid  the  confusion  incident  to  conflicting  local  names  of  cans. 

In  this  system,  the  cans  are  identified  by  a  statement  of  their  dimensions  (over¬ 
all  diameter  and  over-all  height).  Each  dimension  is  expressed  as  a  number  of 
three  digits.  The  lefthand  digit  gives  the  number  of  whole  inches,  while  the  two 
righthand  digits  give  the  additional  fraction  of  the  dimension  expressed  as  six¬ 
teenths  of  an  inch. 

The  first  number  given  in  the  size  of  each  can  is  the  diameter,  and  the  second 
number  is  the  height.  For  example,  a  No.  2  can,  designated  as  307  X  409,  is 
3Vi6  inches  in  diameter  and  4 jKe  inches  high,  that  is,  within  manufacturing 
tolerances. 

The  dimensions  are  “over-all,”  the  diameter  being  measured  to  the  outside  of 
the  double  seam,  and  the  length,  including  the  entire  seam  at  each  end  of  the  can. 


C.  Olin  Ball 
F.  C.  W.  Olson 
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INTRODUCTION 


The  fact  that  in  the  United  States  of  America  some  25  billion  cans 
of  food  are  processed  each  year  attests  the  practicality  and  commer¬ 
cial  importance  of  the  art  of  preserving  foods  by  heat.  This  art  makes 
heavy  demands  upon  many  sciences,  such  as  mathematics,  statistics, 
physics,  chemistry,  agricultural  bacteriology,  public  health,  and  fields  of 
engineering  such  as  chemical,  electrical,  sanitary,  and  mechanical  engi¬ 
neering.  Thus  food  preservation  holds  an  unusual  position  among  the 
accomplishments  of  man. 

Since  a  perusal  of  technical  journals  in  the  field  indicates  that  the  devel¬ 
opment  of  food  preservation  as  a  science  is  far  from  complete,  it  seems 
desirable  to  begin  with  an  evaluation  of  thermal  processing  and  examine 
its  relation  to  other  sciences;  also  to  appraise  its  weaknesses  and  strengths 
and  to  indicate  the  probable  path  of  its  future  development. 


Every  scientific  endeavor  involves  an  effort  to  apply  quantitative  meas-' 
urement  to  something.  For  science  has  reached  the  stage  of  development 
where  it  is  clear  to  nearly  everyone  that  all  science  deals  with  one  funda¬ 
mental  concept  mass,  or  quantity.  Mathematics  deals  with  quantity 
by  means  of  symbols  and  underlies  all  science. 

1  he  solution  of  every  problem  by  mathematics  without  the  necessity 
of  recourse  to  experiment  is  the  ideal  and  ultimate  goal  toward  which 
science  is  progressing.  If  the  fundamental  reactions  of  every  science 
were  well  enough  understood  to  permit  their  results  to  be  rigidly  inter¬ 
preted,  this  goal  could  be  attained.  When  that  time  shall  have  arrived, 
every  problem  will  be  solved  by  mathematics  with  greater  reliability  of 
lesults  than  that  obtainable  by  laboratory  experimentation. 

The  only  reason  for  the  need  of  experimentation  today  is  that  our 
knowledge  of  the  complexities  of  nature  is  inadequate  to  admit  of  mathe- 

hol^i  SlUtl°"  0f  nTre’S  problems-  Most  problems  of  science  still 
beyond  U™  S°ryKeCaUSe  tHeir  COmplexity  P«*»  ^eir  basic  concepts 
ascertain  n  '  tCOmpreh?nSlon'  Hence  we  have  research  laboratories  to 

clverv  of  the  f,  7  ^  ?'*“  What  'w  hope  "  i"  ^  to  the  dis¬ 

covery  „i  the  fundamental  truth.  In  the  usual  concept,  basic  research 
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produces  results  through  experimentation  that  have  no  apparent  practical 
application,  whereas  applied  research,  by  the  same  methods,  produces 
results  that  have  a  recognizable  practical  application. 

The  foregoing  concepts  stimulate  a  query  as  to  what  feature  is  inherent 
in  impracticability  which  imparts  basic  properties  to  impracticable 
research. 

Is  there  not  a  practical  concept  of  basic  versus  applied  research  to  be 
found  in  the  nature  of  the  procedures  employed  to  obtain  the  results? 
This  classification  would  involve  the  type  of  problem  analysis  used  in  the 
research  instead  of  the  nature  of  the  results  obtained. 

Admitting  that  the  reproducible  experiment  is  the  foundation  of 
present-day  science,  the  chemist,  the  physicist,  and  the  astronomer  realize 
that,  mathematics  is  fundamental  in  dealing  with  the  entities  that  con¬ 
stitute  the  essence  of  their  sciences.  These  entities  are  basic  in  all 
sciences.  But  the  processes  of  their  reactions  are  obscured  in  the  bio¬ 
logical  sciences  by  the  very  complexities  of  the  organisms  with  which 
these  sciences  deal.  Nevertheless,  the  entities  are  present  in  biological 
specimens.  Chemistry  and  physics  do  not  change  merely  because  they 
are  acting  in  a  biological  environment. 

One  cannot  agree  that  the  reproducible  experiment  is  the  only  func¬ 
tional  tool  at  our  command  to  extend  our  knowledge  of  the  universe. 
Mathematical  processes  can  be  made  to  perform  the  function  of  the 
experiment  whenever  the  necessary  fundamental  knowledge  is  available. 

To  be  a  bit  mere  concrete,  let  us  see  what  is  meant  by  precise  mathe¬ 
matical  treatment  of  a  specific  physical  phenomenon. 

Complete  mathematical  treatment  of  problems  within  a  science  could 
occur  only  if  the  manifestations  of  the  problem  were  traceable  directly 
to  the  behavior  of  the  ultimate  particles,  namely,  the  electron,  neutron, 
proton,  and,  possibly,  meson.  Electrical  forces  account  for  the  behavior 
of  these  particles.  The  electromagnetic  force  resulting  from  these  forces 
either  controls  or  partially  controls  the  behavior  of  an  aggregate  of  par¬ 
ticles.  If  the  forces  acting  on  the  particles  could  be  measured  and  ana¬ 
lyzed,  predictions  through  mathematical  treatment  could  be  made  on  the 
behavior  of  an  object. 

Biological  bodies,  or  organisms,  of  varying  degrees  of  complexity  have 
electromagnetic  fields  which  are  detectable  and,  to  some  extent,  predict¬ 
able  and  to  which  mathematical  treatment  can  be  applied.  The  ultimate, 
precise  treatment  of  the  behavior  of  complex  organisms,  however,  would 
require  that  their  function  be  interpreted  as  the  composite  of  the  func¬ 
tions  of  the  ultimate  particles  of  which  they  are  composed.  Such  reso¬ 
lution  of  functions  is  clearly  impossible  in  our  present  state  of  scientific 
knowledge,  even  for  the  organisms  of  the  simplest  known  structure. 

The  greater  the  complexity  of  formation  of  an  object  is,  the  less  decisive 
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in  character  is  the  resultant  electrical  force  from  the  particles  composing 
the  object,  in  respect  to  the  over-all  behavior  of  the  object.  Thus,  the 
more  complex  an  entity  is,  the  more  restricted,  relatively  speaking,  is  the 
breadth  of  the  field  in  which  mathematical  predictions  can  be  made  with 
accuracy.  This  is  true  because  the  forces  exerted  by  the  many  parts  of 
the  object  are  so  nearly  balanced  that  a  comparatively  small  change  in 
arrangement  of  these  forces  may  produce  a  reversal  in  the  sense  of  the 
resultant  force. 

It  is  to  the  effects  of  this  resultant  force  that  the  initial  step  in  mathe¬ 
matical  treatment  must  be  applied.  For  most  organisms,  the  first  step 
is  still  in  the  future,  except  for  statistical  treatment.  For  example,  bio¬ 
physicists  have  found  that  characteristic  patterns  of  potential  difference 
exist  in  man,  but  notwithstanding  the  fact  that  electrometric  technics 
have  been  applied  to  man’s  physiological  problems  through  the  electro¬ 
encephalograph  and  the  electrocardiograph,  the  effect  of  this  potential- 
difference  pattern  upon  the  behavior  of  man  is  not  yet  apparent.  Thus 
the  behavior  of  man  cannot  be  predicted  through  either  a  direct  or  an 
indirect  application  of  precise  mathematical  formulas  to  electromagnetic 
conditions  observed  in  man. 


Man’s  inability  to  apply  precise  mathematical  methods  to  the  electrical 
forces  existing  within  himself  and  within  other  organisms  need  not  deprive 
him  of  the  benefit  to  be  derived  from  entertaining  the  concept  that  the 
action  of  these  forces  is  mathematically  precise.  This  concept  helps  one 
to  see  the  reality  of  a  systematic  and  controlled  relationship  among  all 
beings  and  among  the  forces  that  govern  the  existence  of  all  beings. 

In  the  face  of  our  inability  to  apply  a  particulate  solution  to  problems 
involving  the  behavior  of  an  organism,  let  us  not  overlook  the  possibility 
ot  applying  to  a  problem  involving  organisms  a  mathematical  solution 
which  has  practical  value  even  though  it  lacks  the  desired  degree  of  pre¬ 
cision.  Such  a  solution  differs  from  the  particulate  solution  in  that  it 
deals  with  properties  of  organisms  instead  of  with  properties  of  particles. 

Measurement  of  electrical  potential  differences  is  a  measurement  of 
electronic  forces.  The  field  concept  makes  it  unnecessary,  however 
to  explain  behavior  by  reference  to  individual  particles  which  make 
up  the  system  being  studied.  This  concept  constitutes  an  instrument 
through  which  the  over-all  behavior  of  the  system  may  be  predicted 
mathematically  with  a  considerable  degree  of  accuracy. 

As  the  complexity  of  an  aggregate  increases,  the  aggregate  beams  to 

may  be  but  is  not  necessarily,  statistical  in  nature.  This  nrin- 
ciple  may  be  illustrated  through  a  concept  of  heat  C'  \  +1 

kinetic  energy  „f  „  molecules  of  a  gas  When n  =  2  I  t'  T" 

°dy  pr0blem  of  ^"-onomy,  Which  is  readily  solvable’.  For  n  =  3  it  7 
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the  three-body  problem,  with  no  exact  solution  but  capable  of  approxi¬ 
mation  with  some  effort.  For  n  =  4,  an  approximation  is  very  difficult; 
for  n  =  5,  much  more  so;  for  n  =  10,  practically  impossible.  When 
n  =  100,  we  can  say  very  little  if  anything  about  the  aggregate,  but  when 
n  is  in  the  billions  or  trillions,  the  temperature  concept  arises.  This  is 
seemingly  simple. 

In  the  case  of  biological  entities  of  less  complex  structure  than  that  of 
animals,  progress  has  been  made  toward  achieving  quantitative  solution 
of  problems.  It  is  reported  that,  through  observation  of  a  direct  rela¬ 
tionship  between  measured  values  of  electrical  potential  in  plant  seeds 
and  the  subsequent  growth  history  of  the  seeds,  promising  leads  have 
been  provided  to  quantitative  solution  of  two  basic  plant  problems. 

The  mathematical  calculation  of  sterilizing  processes  for  food  is  a  prac¬ 
tical  example  of  a  quantitative  solution  of  a  biological  problem  which  has 
had  sufficient  test  to  prove  its  value.  Although  its  procedures  are  not 
carried  into  the  realm  of  ultimate  particles,  the  success  that  has  attended 
its  use  is  no  doubt  traceable  to  the  fact  that  the  calculation  applies  to 
the  behavior  of  the  simplest  biological  structures,  the  bacterial  cell.  A 
measure  of  the  practical  value  of  this  calculation  method  will  be  discussed 
later. 


BASIC  SCIENCE  DEALS  WITH  BASIC  FORCES 

These  matters  are  concerned  with  the  fundamental  essence  of  sciencel 
It  is  here  suggested  that  scientific  facts  are  not  really  fundamental  until 
they  can  be  generalized,  or  rationalized,  in  terms  of  mathematics. 

For  the  purpose  of  explaining  a  proposed  new  classification  of  research, 
which  is  inductive  in  character,  let  us  designate  research  that  produces 
facts  which  are  fundamental  under  the  above  definition  by  the  nondescrip- 
tive  term  “F  research  ” ;  and  research  which  does  not  include  mathematical 
rationalization,  11 A  research.”  These  symbolic  designations  are  impro¬ 
vised  in  order  to  avoid  employing  terms  that,  are  already  in  use  in  a 
different  sense. 

On  this  proposition,  no  biological  science  which  deals  with  the  higher 
forms  of  organisms  has  yet  reached  the  stage  at  which  it  produces  funda¬ 
mental  knowledge.  Research  in  animal  nutrition,  for  example,  is  carried 
on  purely  by  laboratory  methods.  This  is  the  type  of  procedure  that  is 
used  in  A  research.  In  the  biological  branch,  as  well  as  in  other  branches 
of  science,  we  find  research  projects  in  both  the  basic  and  the  applied 
categories  of  the  generally  accepted  classification  belonging  in  the  class 
of  A  research;  in  some  of  the  branches,  on  the  other  hand,  there  are 
projects  in  both  of  the  usual  categories  which  belong  in  the  class  of  F 
research. 

In  a  broad  sense,  the  type  of  problem  analysis  required  is  the  same  for 


INTRODUCTION 


5 


a  determination  of  the  presence  of  enzymes,  vitamins,  or  other  complex 
organic  molecules  by  absorption  spectroscopy  as  for  testing  the  physical 
strength  of  a  material  or  for  producing  a  method  of  quality  control.  In 
all  of  these  cases,  the  results  of  experiments  done  previously  are  studied 
and  a  plan  for  the  experimental  solution  of  the  new  problem  is  formulated 
by  deduction  from  the  knowledge  gained  from  the  previous  experiments. 

In  the  proposed  concept,  all  research  which  deals  solely  with  experi¬ 
ments,  past  or  present,  published  or  unpublished,  regardless  of  whether 
or  not  the  results  have  an  apparent  practical  application,  would  be  in  the 
category  of  A  research  because  it  concerns  only  observed  phenomena. 
An  entirely  different  type  of  problem  analysis  is  that  dealing  with  the 
quanta  which  figure  in  reactions,  in  terms  of  the  forces  acting  upon  the 
objects  involved.  This  is  suggested  as  the  distinguishing  mark  of  F 
research.  Although  these  improvised  names  are  devoid  of  descriptive 
quality,  they  serve  adequately,  for  the  time  being,  to  symbolize  the  dis¬ 
tinction  between  two  categories  ol  science  in  a  classification  which  is,  as 
yet,  only  a  proposal. 


MATHEMATICS  VERSUS  EXPERIMENT 

Chemists,  and  even  physicists,  sometimes  are  marked  by  their  aversion 
to  mathematics.  They  perform  in  their  field  solely  through  their  memory 
of  reactions  as  learned  in  the  laboratory  or  from  literature — with  a  limited 
amount  of  rationalization.  Too  often,  scientists  regard  mathematics  as 
merely  a  means  of  verifying  experimental  results  and  not  as  what  it  actu¬ 
ally  is  a  potential  or  an  actual  means  of  obtaining  answers  to  problems 
without  the  necessity  of  doing  laboratory  work. 

Since  the  fundamental  method  of  getting  scientific  information  is 
through  mathematical  processes,  one  cannot  correctly  say  that  mathe¬ 
matics  is  used  as  a  substitute  for  experiment.  One  should  say 

mathematk-s  CaSeS’  GXperiment  has  not  been  made  to  substitute  for 


VERIFICATION  OF  CONCLUSIONS 

difficulty^  TePted  definiti0n  of  basic  science  not  include 
y  ^cation  as  a  characteristic  of  that  type  of  science  This 

be  accomplished  through  thn  e  i  *act  t  iat  verification  can 
the  close  When  recognize 

concept  entertained  by  many  of  the  asPe<  *s  ol  f  science  and  the 

absurd  to  suggest  that  applied  science  m~f  sdenc^pheZieTc^ 
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however,  being  specialized  science  that  deals  with  concrete  phenomena, 
may  or  may  not  be  F  science,  depending  upon  the  extent  to  which  mathe¬ 
matics  is  employed  in  its  pursuit  and  its  verification.  This  concept  is  in 
disagreement  with  a  common  notion  that  applied  science  and  fundamental 
science  are  widely  separated  from  each  other. 


THE  FUNDAMENTAL  MEASURING  INSTRUMENT 

Under  the  definition  given  for  F  science,  there  can  today  be  no  F 
research  in  the  biological  sciences  dealing  with  human  beings  or  other 
living  beings  of  comparable  physiological  complexity  (animal  physiology, 
zoology,  medicine,  psychology,  economics,  sociology),  very  little  in 
sciences  dealing  with  living  beings  of  intermediate  physiological  com¬ 
plexity  (plant  physiology,  botany,  horticulture,  entomology),  a  greater 
but  still  not  extensive  amount  in  sciences  dealing  with  living  beings  of 
the  simplest  physiological  nature  (bacteriology,  biophysics),  a  greater 
amount  in  sciences  dealing  with  inanimate  objects  of  finite  size  (astron¬ 
omy,  physics),  a  still  greater  amount  in  sciences  dealing  with  molecules 
and  their  component  parts,  with  a  varying  degree  of  specificity  (chemistry, 
electrophysics),  possibly  a  still  greater  amount  in  sciences  dealing  pri¬ 
marily  with  atoms  and  their  component  parts  (nuclear  physics),  and  the 
greatest  amount  of  all,  in  fact,  total  F  research,  in  the  branch  that  deals 
with  objects  of  no  particular  class,  the  acts  of  which,  in  response  to 
physical  forces  having  an  effect  upon  quantity  or  arrangement,  are  com¬ 
pletely  predictable  (mathematics).  Preferably,  mathematics  is  not  called 
a  science,  but  the  fundamental  instrument  of  science. 


MATHEMATICS  ASSISTS  IN  PROBLEM  ANALYSIS 

The  study  of  mathematics  should  be  regarded  by  the  scientific  student 
as  a  means  of  preparing  himself  to  acquire  a  deeper  understanding  of  his 
science  and  to  make  a  greater  contribution  to  its  advancement  than  would 
otherwise  be  possible.  Mathematical  training  not  only  enables  the  stu¬ 
dent  to  use  mathematical  methods  in  solving  problems  within  his  field 
of  primary  interest,  but  also  enables  him  to  think  logically  in  attacking 
problems  outside  of  that  field. 

Inductive  rationalization  in  mathematics  requires  the  same  kind  of  gray 
matter  as  inductive  rationalization  in  business,  sociology,  bacteriology, 
or  chemistry.  The  study  of  mathematics  is  the  best  avenue  of  training 
for  rational  thinking,  because,  as  stated  previously,  it  provides  its  own 
means  of  checking  accurately  the  validity  of  the  thinking  that  is  done. 
Methods  of  thinking  that  one  acquires  in  mathematical  training  are  appli¬ 
cable  all  the  way  up  the  line  in  engineering  and  science,  wherever  premises 
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are  well  enough  established  to  form  a  sound  basis  for  reasoning.  In  fact, 
they  are  of  the  greatest  help  in  deciding  when  premises  are  valid. 

It  is  easier  to  acquire  facts  upon  which  to  establish  premises  for  a  sound 
rationalization  treatment  than  it  is  to  acquire  the  ability  to  rationalize. 
In  other  words,  it  is  harder  to  learn  how  to  think  than  it  is  to  get,  by 
observation,  facts  to  serve  as  a  foundation  for  thought.  This  idea  places 
less  importance  upon  specialization  in  educational  training  than  upon 
fundamental  mental  training. 

In  the  field  of  science,  the  life  of  Pasteur  was  an  outstanding  demon¬ 
stration  of  the  validity  of  this  principle.  Pasteur’s  formal  training  was 
that  of  a  chemist,  and  his  major  triumphs  were  in  the  field  of  microbiology, 
which  field  he  entered  soon  after  he  finished  his  university  training. 
Moreover,  he  experienced  a  notable  triumph  also  in  solving  a  problem 
of  a  silkworm  disease,  which  he  attacked  in  the  face  of  a  history  of  failure 
by  others  who  had  had  extensive  experience  with  silkworms,  whereas 
Pasteur  had  never  seen  a  silkworm. 


SOUND  PREMISES  ARE  NECESSARY 

In  time,  it  will  become  possible  to  establish,  through  mathematical 
processes,  some  of  the  premises  upon  which  the  mathematical  solution 
of  scientific  problems  is  based.  For  the  present,  the  premises  must  be 
established  through  experiment.  The  degree  of  certainty  or  of  uncer¬ 
tainty  in  premises  upon  which  mathematical  calculations  are  based  deter¬ 
mines  the  value  of  experiments  designed  to  duplicate  or  to  check  results 
obtained  mathematically.  Uncertainty  in  premises  makes  experimental 
checks  necessary.  If  the  validity  of  premises  is  unquestionable,  however, 
and  the  mathematical  procedure  used  is  sound,  experimental  checking 

means  nothing  because  experimental  results  cannot  be  more  accurate  than 
calculated  values. 


PROPOSED  USE  OF  MATHEMATICS  IN  FOOD  TECHNOLOGY  HAS 

BEEN  TESTED 

All  example  of  the  use  of  mathematics,  to  solve  problems  that  otherwise 
would  be  solved  experimentally,  is  found  in  the  field  of  food  sterilization 

T  .°°d  t0  "’ake  “  keep’  heat  must  be  applied  to  the  food  in 
sufficient  quantity  to  destroy  the  microorganisms  of  the  most  resistant 

type  present  in  the  food  which  are  capable  of  spoiling  the  food  Measure 

r  °vnh:rntity  of  heat  empioyed  iJSzz 

Within  the  '"Ty  practlc.e>  lntensity  is  variable  with  respect  to  time 
of  I,  *  J  h  f00d  111  a  contalnei'.  there  is  a  location  at  which  the  intensitv 
of  heat  during  a  process  increases  more  slowly  than  at  any  other  point 
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The  basic  problem  in  sterilization  rests  in  determining  when  the  food  at 
this  location,  which  we  call  the  critical  point,  will  have  received  a  suffi¬ 
cient  quantity  of  heat  to  destroy  the  organisms  of  the  most  resistant  type 
that  could  spoil  the  food.  Assuming  that  such  organisms  are  uniformly 
distributed  through  the  food,  we  assume  that  when  sterilization  is  accom¬ 
plished  at  the  critical  point,  sterilization  will  already  have  been  completed 
at  all  other  points  and  that,  therefore,  sterilization  of  the  entire  mass  of 
food  is  accomplished. 

Since  temperature  indicates  intensity  of  heat  energy,  knowledge  of  the 
rate  of  rise  and  fall  of  temperature  at  a  point  gives  knowledge  of  the 
intensity  of  the  heat  effect  at  the  point  over  a  period  of  time.  A  curve 
showing  a  time-temperature  relationship,  usually  known  as  a  heat- 
penetration  curve,  represents  this  effect  graphically. 

The  quantity  of  heat  required  to  destroy  microorganisms  of  a  given 
type  under  stated  conditions  is  also  represented  by  a  time-temperature 
curve,  showing,  for  each  temperature,  the  time  necessary  to  accomplish 
destruction  of  the  organism.  This  is  a  thermal  death  time  curve.  By 
combining  mathematically  the  results  of  the  integration  with  respect  to 
time,  of  heat  intensities  as  indicated  by  the  heat-penetration  curve, 
weighted  in  accordance  with  their  destructive  powers,  as  indicated  by  the 
thermal  death  time  curve,  it  is  possible  to  find  the  length  of  time  required 
to  process  a  container  of  food. 

The  calculated  value  applies  to  a  set  of  conditions  which  is  chosen  as 
representative  of  the  most  severe  conditions  that  will  be  encountered  in 
practice.  The  chosen  set  of  conditions  comes  from  the  two  sets  of  time- 
temperature  curves — one  based  on  temperature  measurements  in  con¬ 
tainers  of  food,  the  other  on  laboratory  tests  on  destruction  of  micro¬ 
organisms  by  heat.  The  choice  of  these  conditions  places  symbolically 
at  the  critical  point,  within  the  slowest  heating  container,  microorganisms 
of  a  specified  level  of  resistance  to  heat. 

This  particular  set  of  conditions  may  be  difficult  to  obtain  in  experi¬ 
mental  practice  because,  even  with  containers  artificially  inoculated  with 
microorganisms,  the  chances  are  limited  that  the  most  resistant  specimen 
of  the  microorganism  will  become  located  in  the  critical  position  in  the 
food  in  the  slowest-heating  container. 


HOW  MUCH  IS  THE  VOLUME  OF  EXPERIMENTAL  WORK  REDUCED? 

To  obtain  the  curve  showing  the  rate  of  change  of  temperature  at  the 
critical  point  in  a  container  of  food,  it  is  considered  that  tests  on  12  appar¬ 
ently  identical  containers  are  sufficient  to  give  a  good  probability  of 
including  a  container  that  is  typical  of  those  showing  the  lowest  rate  of 
heating.  The  curve  representing  the  container  among  those  tested  that 
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has  the  lowest  rate  of  heating  is  used  as  the  basis  for  calculated  processes. 
For  the  purposes  of  explanation,  we  shall  designate  this  as  curve  II. 

For  the  purpose  of  explanation,  also,  we  shall  apply  the  designation, 
B*  to  the  curve  that  shows  the  quantity  of  heat  required  to  destroy  the 
microorganisms  which  would,  if  not  destroyed,  spoil  the  food.  1  o  obtain 
curve  B,  10  samples  under  each  of  10  different  combinations  of  time  and 
temperature  (four  times  at  each  of  four  temperatures)  are  commonly 
employed  in  the  tests.  Thus  160  samples  are  tested  in  developing  a 
thermal  death  time  curve. 

The  method  of  determining  a  process  specification,  which  is  the  alter¬ 
nate  to  the  calculation  method,  is  to  process,  experimentally,  regular  con¬ 
tainers  of  food  inoculated  with  spoilage  bacteria,  f  To  determine  experi¬ 
mentally  a  process  specification  that  has  an  accuracy  equal  to  the  accuracy 
obtained  by  a  calculation  based  upon  curves  II  and  B,  a  sufficient  number 
of  containers  must  be  processed  to  carry  the  probability  of  treating,  under 
each  combination  of  time  and  temperature,  a  container  in  which  the  rate 
of  temperature  rise  is  equal  to  that  represented  by  curve  //  and  which  has, 
in  its  critical  point,  spoilage  bacteria  equal  in  resistance  to  those  repre¬ 
sented  by  curve  B.  The  laws  of  probability  establish  this  number  of  con¬ 
tainers  for  each  combination  of  time  and  temperature  as  the  number  of 
possible  combinations  of  the  Samples  used  in  establishing  curve  II,  taken 
one  at  a  time,  with  the  samples  used  under  each  set  of  values  of  the  vari¬ 
ables  in  the  tests  for  establishing  curve  B,  taken  one  at  a  time.  The 
number  of  such  combinations  is  10  X  12,  or  120. 

Since  containers  in  which  food  is  packed  for  commercial  use  heat  very 
slowly,  compared  to  those  used  in  establishing  curve  B,  the  range  of  time 
that  must  be  covered  in  the  test  processes  of  inoculated  containers  is 
correspondingly  wide  and,  for  satisfactory  accuracy,  must  be  covered  by 
a  larger  number  of  time  variables  than  is  required  for  each  temperature 
in  the  tests  used  to  establish  curve  B.  The  minimum  number  of  process 
times  required  in  a  test  of  inoculated  regular  containers  to  determine  a 
process  at  a  given  temperature  is  five.  Thus,  600  samples  (5  X  120)  are 
required  in  an  inoculated  pack  of  regular  containers  to  establish  a  process 
specification  that  has  a  degree  of  accuracy  equal  to  that  of  a  specification 
determined  by  calculation.  For  the  establishment  of  curves  II  and  B, 
upon  which  the  calculation  is  based,  only  172  samples  are  required. 

To  calculate  a  process  for  the  same  food  in  containers  of  various  types, 
or  for  different  processing  temperatures,  curve  B  is  used  for  all  calcula¬ 
tions,  but  a  new  curve  II  must  be  established  for  each  type  of  container 
at  each  temperature.  Twelve  test  samples  are  used  in  determining  each 

*  Curve  H,  the  heating  curve,  and  curve  B  the  thermal 

and  described  to  Chap's.  7  and  4,  respe^veW  ‘M,W  *" 

t  See  Chap.  10  for  a  description  of  such  tests. 
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new  heating-rate,  or  heat-penetration,  curve.  Thus,  by  running  a  test 
on  12  samples,  one  provides  the  additional  data  necessary  to  establish  a 
process,  the  establishment  of  which,  by  purely  experimental  means,  would 
require  tests  on  600  samples.  Data  upon  which  to  base  calculations  of 
processes  for  a  food  in  five  different  types  of  containers,  processed  at  each 
of  three  different  temperatures,  therefore,  would  require  tests  on  370  sam¬ 
ples,  whereas,  to  find  the  processes  with  equal  accuracy  by  experiment 
alone,  one  would  have  to  conduct  tests  on  9,000  containers.  In  applying 
the  mathematical  method  to  the  determination  of  processes  just  to  the 
extent  indicated,  therefore,  one  reduces  the  volume  of  required  experi¬ 
mental  work  from  that  required  by  the  experimental  method,  used  alone, 
by  approximately  96  per  cent. 

While  this  mathematical  method  for  determining  sterilizing-process 
specifications  was  developed  without  attention  being  given  explicitly  to 
elementary  particles,  the  method  probably  should  be  regarded  as  an 
example  of  the  application  of  precise  mathematical  procedure  to  electro¬ 
magnetic  forces — the  forces  which  biophysicists  describe  as  the  deter¬ 
miners  of  design  in  the  universe.  Such  forces,  when  associated  with 
single-cell  organisms,  are  of  a  fairly  simple  nature  because  the  relationship 
between  these  forces  and  those  of  the  elementary  particles,  electron,  pro¬ 
ton,  neutron,  and  meson,  is  comparatively  close.  This  fact  is  judged  to 
be  important  in  accounting  for  the  practicability  of  the  calculation 
method.  The  method  has  contributed  extensively  to  specifications  of 
sterilizing  processes  in  commercial  practice  and  is  a  potent  factor  in  the 
development  of  new  and  advanced  processing  technics. 

PREMISES  OF  PROCESS  CALCULATION  NEED  IMPROVING 

The  two  curves  upon  which  a  sterilizing-process  calculation  is  based 
are  now  established  with  sufficient  accuracy  to  give  a  questionable  value 
to  an  experimental  check  of  the  calculations.  The  method  of  establishing 
the  curves  is,  nevertheless,  in  need  of  refinement.  In  its  present  state 
of  development,  the  procedure  for  establishing  sterilizing  processes  is  a 
borderline  case  in  respect  to  the  question  of  whether  experiment  should 
be  used  as  a  check  on  mathematics,  or  vice  versa.  Without  describing 
here  the  lines  of  attack,  it  may  be  indicated  that,  through  a  fundamental 
study  of  the  manifestations  of  surface  tension  and  osmosis,  which  originate 
in  the  electromagnetic  fields,  the  accuracy  of  mathematical  calculations  in 
predicting  the  behavior  of  bacteria  in  food  substances  could  be  increased. 
Further  scientific  study  of  the  factors  that  control  the  heating  rates  of 
food  in  sealed  containers  also  is  needed. 
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OTHER  POSSIBLE  APPLICATIONS  IN  FOOD  TECHNOLOGY 

The  success  that  attended  the  use  of  the  mathematical  method  of 
determining  processes  led  to  the  establishment  of  the  fact  that  a  method 
involving  the  same  basic  procedure  can  be  used,  with  practical  benefit, 
not  only  in  other  branches  of  food  technology  but  also  in  other  fields,  the 
clinical  field,  for  example,  as  well.  The  logical  approach  to  such  use  is 
on  either  the  same  level  or  a  lower  level  of  complexity  than  is  now  covered 
in  the  sphere  of  sterilizing  processes,  namely,  on  the  level  involving  objects 
having  structural  complexity  no  greater  than  that  of  single-cell  organisms. 
For  example,  complex  organic  molecules,  such  as  vitamins,  enzymes,  hor¬ 
mones,  amino  acids,  and  viruses,  along  with  bacteria,  are  likely  objects, 
the  behavior  of  which  should  be  predictable  through  precise  mathematical 
procedure.  Mathematical  procedures  for  predicting  rates  of  heat  destruc¬ 
tion  of  entities,  such  as  those  just  mentioned,  are  presented  in  this  book. 
With  the  development  of  the  required  data  on  proficiency  of  attack  of 
destructive  agents  other  than  heat,  such  as  the  penetration  of  ionizing 
radiations,  and  of  the  destructive  efficiency  of  these  agents,  the  procedures 
presented  herein  will  become  applicable  to  the  actions  of  these  agents. 

Mathematical  prediction  of  the  growth  of  bacteria  should  be  practicable 
and  would  be  as  valuable  in  sanitation  work  as  is  the  destruction  of  bac- 
teiia  in  lood  sterilization.  A  trial  sally  into  this  area  of  application  will 
be  found  in  Chap.  4.  Also,  the  prediction,  by  precise  mathematical 
methods,  of  the  chemical  reactions  of  the  complex  organic  molecules  under 
prescribed  conditions,  as  well  as  of  the  destruction  of  these  molecules  by 
heat  or  by  other  destructive  agents,  is  potentially  capable  of  vastly 
accelerating  progress  in  the  sciences  that  deal  with  these  molecules. 

New  ways  to  advance  colloid  chemistry  through  the  use  of  precise 
mathematical  technic  are  indicated  for  the  future.  A  start  has  already 
been  made  in  the  development  of  calculation  methods  to  predict  the  effects 
oi  heat  upon  the  quality  of  food  (see  Chap.  15). 


GOAL  IS  FAR  INTO  FUTURE 

°f  sci,eutific  advancement,  it  appears  that  the 
greatest  benefit  from  the  application  of  precise  mathematics  to  science 

rf  C.0me  "hen  the  action  is  confined  to  objects  of  the  class  which  we 
avc  been  discussing— that  which  occupies  a  low  position  in  the  medium 
range  of  complexity  of  structure.  medium 
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ments,  at  present,  impossible.  Consequently,  the  evaluation  of  the 
results  requires  statistical  treatment.  Advance  beyond  statistical  treat¬ 
ment  will  come  only  when  it  becomes  possible  to  measure  objectively  the 
properties  of  single  particles.  Individual  objective  measurements  are 
possible,  on  the  other  hand,  of  the  properties  of  both  complex  organisms 
and  complex  inanimate  objects,  but,  because  of  the  extreme  variability 
existing  among  individual  objects  in  these  classes,  scientists  here  also  must 
resort  to  statistics  in  interpreting  the  results.  In  this  sphere,  an  advance 
into  precise  mathematical  treatment  will  come  only  when  it  becomes 
possible  to  strictly  segregate  individuals  according  to  their  respective 
attributes. 

At  this  point,  the  suggestion  is  made  that  the  reader  be  content  with  his  own 
concept  of  the  distinction  between  statistical  and  precise  mathematical  treat¬ 
ment.  It  is  thought  that  the  points  advanced  in  this  paper  are  valid  regardless 
of  what  may  be  the  individual  reader’s  interpretation  of  this  distinction.  The 
difficulty  of  presenting  a  close  differentiation  between  statistics  and  precise  math¬ 
ematics  is  recognized,  and  such  a  presentation  is  purposely  omitted  herein. 

Advancement  in  /^-research  technic,  as  defined,  is  bound  to  be  slowr,  but  sure. 
Every  succeeding  year  (perhaps  we  should  say  every  succeeding  decade)  will 
bring  an  increase  in  the  structural-complexity  level  of  objects  which  will  be  suc¬ 
cessfully  subjected  to  precise  mathematical  technic  by  scientific  workers- — with 
vast  benefit  to  the  rate  of  scientific  progress. 

The  authors  were  stimulated  to  produce  this  book  by  the  success  which  has 
attended  the  use  of  the  calculation  methods  for  canned  food  which  are  developed 
in  Ball’s  “Thermal  Process  Time  for  Canned  Food,”  Bulletin  37  of  the  National 
Research  Council,  published  in  1923,  and  “Mathematical  Solution  of  Problems 
on  Thermal  Processing  of  Canned  Foods,”  Publication  2  of  the  University  of 
California  Public  Health  Series,  published  in  1928  (both  out  of  print).  Portions 
of  these  publications  are  reproduced  in  the  book.  To  simplify  the  indication  of 
reference  to  them,  special  reference  abbreviations  are  frequently  used.  These 
are  TPTCF  for  the  earlier  monograph  and  MSTPCF  for  the  University  of  Cali¬ 
fornia  publication. 

Most  of  the  substance  of  Chap.  I  is  taken  from  an  address  by  Ball  [1],  pre¬ 
sented  in  1947. 
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THE  SCIENCE  AND  ENGINEERING  OF  PROCESSING 
FOOD  FOR  STERILIZATION* 


In  commercial  canning,  when  a  food  is  put  into  a  container,  it  always 
contains  microorganisms  that  would  cause  spoilage  of  the  food  if  they 
were  not  subsequently  destroyed.  Some  organisms  will  not  cause  spoilage 
when  subjected  only  to  ordinary  conditions,  and  such  organisms  it  some¬ 
times  may  not  be  considered  necessary  to  destroy.  When  the  destruction 
of  the  spores  of  a  certain  organism  in  food  has  reached  a  certain  preestab¬ 
lished  point  (to  be  fully  discussed  in  later  chapters),  the  food  is  said  to 
be  sterile  with  respect  to  that  organism.  The  object  in  heat  processing 
canned  foods  is  the  attainment  of  sterility  with  respect  to  the  most 
resistant  microorganism  present  that  would  bring  about  spoilage. 

Webster’s  Dictionary  states,  “The  sterilizing  of  a  medium  implies  com¬ 
plete  destruction  of  all  germs  in  it,”  The  Century  Dictionary  says  that 
to  sterilize  is  to  render  free  from  living  germs.  Dictionary  definitions  of 
this  term  do  not  apply,  however,  when  foods  in  general  are  being  con¬ 
sidered.  After  years  of  endeavor,  technologists  of  the  canning  industry 
are  still  trying  to  find  a  concise  definition  of  the  term  “sterilize”  as  applied 
to  canned  foods.  In  the  absence  of  such  a  definition  let  us  quote  from 
1  anner  [75]  in  regard  to  the  subject  of  sterilizing  processes: 

“Some  canning  technologists  have  modified  the  term  ‘sterilization’  to 
indicate  the  bacteriological  condition  attained  in  some  foods  by  processing. 

>  nice  the  term  ‘sterilization’  implies  the  absolute  destruction  of  all  living 

L— S<mCe  thlS  C°nditi0n  may  not  be  Gained  in  some  processed 
foods,  the  term  commercial  sterilization’  has  been  introduced.” 

d anner  stated  that  “commercially  sterile”  canned  food  may  contain 
viable  spores  of  a  type,  such  as  the  thermophilic,  which  will  not  develop 
indei  conditions  that  are  normally  maintained  during  storage  of  the  food 
Some  of  these  spores  are  so  highly  resistant  that,  to  destroy Ihem  by  heat 
one  might  overcook  the  food  to  such  an  extent  that  it  woufd  be  unsuitabt 

of  the  publishers,  the  J*""***® 
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for  sale.  It  is  with  the  subject  of  commercial  sterility  that  we  shall  deal 
in  this  chapter. 

REQUIREMENTS  OF  A  SATISFACTORY  PROCESS 

In  determining  the  merits  of  a  process,  one  must  examine  it  from  the 
standpoint  of  four  factors:  (1)  economy,  (2)  quality  of  product,  (3)  uni¬ 
formity  of  product,  (4)  sterilization  of  product. 

It  may  at  first  appear  in  this  discussion  that  we  should  be  interested 
only  in  factor  4.  In  studying  processing  we  quickly  learn,  however,  that 
the  four  factors  are  inseparable.  If  the  problem  of  processing  involved 
only  the  sterilization  of  foods,  it  would  be  an  extremely  simple  problem, 
solved  by  choosing  for  every  process  a  temperature  and  a  time  that  would 
leave  no  doubt  as  to  the  destruction  of  all  microorganisms.  Along  with 
the  possibility  of  disregarding  quality  and  uniformity,  we  should  have  the 
possibility  of  disregarding  refinements' of  retort  operation.  We  should 
not  need  to  study  venting,  and  variations  in  temperature  within  a  retort 
would  be  of  little  practical  importance. 

There  may  be  a  legitimate  question  as  to  how  much  the  factor  of 
economy  has  influenced  the  development  of  processing  methods  in  the 
past,  but  there  is  no  question  but  that  now  the  bringing  into  use  of  certain 
new  technics  is  being  influenced  greatly  by  considerations  of  economy. 
Promised  benefits  in  quality  and  uniformity  of  product  are  balanced 
against  estimated  cost  with  great  deliberation.  Observing  this,  one 
should  say  that  economy  is  at  least  on  a  par  in  importance  with  quality 
and  uniformity  of  product. 

The  objective  sought  in  all  processing  is  to  ensure  sterilization  of  the 
food  with  the  least  possible  impairment  of  the  quality.  To  obtain  this 
objective,  much  attention  must  be  given  to  the  combination  of  time  and 
temperature  chosen.  Some  general  principles  have  been  learned  that  are 
helpful  in  this  connection.  For  instance,  it  has  been  found,  with  products 
having  the  higher  rates  of  heat  penetration,  that  better  quality  can  gen¬ 
erally  be  obtained  by  processing  at  a  high  temperature  than  can  be 
obtained  by  giving  an  equivalent  process  at  a  lower  temperature.  The 
shortest  possible  “coming-up”  time  also  has  been  found  to  be  advan¬ 
tageous.  The  latter  applies  to  most  products,  but  is  of  less  importance 
with  those  having  the  lower  rates  of  heat  penetration. 


IDEAL  CONDITIONS 

From  the  standpoint  of  retort  opefation  and  control,  the  ideal  condi¬ 
tions  are  absolute  uniformity  of  temperature  throughout  the  retort  at 
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every  instant,  coupled  with  absolute  control  ol  time- temperature  relation. 
Probably  these  conditions  are  not  attained  commercially.  A  question 
that  must  be  answered,  then,  in  deciding  for  or  against  the  use  of  any 
method  of  processing  is,  How  great  a  deviation  from  these  conditions  can 
be  tolerated?  Facts  having  a  bearing  on  the  answer  to  this  question  will 
be  discussed  presently. 

One  of  the  first  requisites  of  a  good  process  is  that,  at  least  throughout 
the  holding  period  of  the  process,  the  operator  shall  have  accurate  knowl¬ 
edge  of  the  temperature  in  every  part  of  the  retort.  Thus  another  ques¬ 
tion  to  be  answered  in  reference  to  the  method  is,  Has  this  been  demon¬ 
strated  to  be  possible,  or,  if  not,  do  the  results  of  experiments  indicate 
that  it  will  be  possible?  We  shall  not  attempt  to  provide  answers  to 
these  questions  since  the  answers  must  depend  upon  varying  factors  in 
specific  cases  that  will  not  be  discussed  here.  However,  we  hope  that 
the  following  pages  will  assist  the  reader  in  answering  them  for  himself. 


HISTORICAL  REVIEW 
Before  Appert 

Heat  is  the  most  valuable  preserving  agent  for  foods  now  known. 
Before  heat  came  into  studied  use  as  the  result  of  investigations  by 
Nicolas*  Appert,  humanity  availed  itself,  more  or  less  voluntarily,  of  food 
preserved  by  five  other  agents,  namely,  asepsis,  fermentation,  dehydra¬ 
tion,  addition  of  chemical  substances,  and  low  temperature.  Preser¬ 
vation  by  these  means  came  often  as  a  result  of  nature’s  processes — 
entirely  without  control  by  man.  Asepsis,  especially,  was  almost  entirely 
the  result  of  natural  phenomena. 

Asepsis  implies  the  absence  of  microorganisms  in  a  food  and  a  continued 
protection  of  the  food  from  contamination  by  microorganisms.  Before 
the  time  of  Appert,  the  only  preservation  of  food  according  to  this  prin¬ 
ciple  was  that  accomplished  by  nature  in  covering  sterile  food  substance 
with  a  shell  or  a  waxy  cellulose  skin  that  cannot  be  penetrated  by  bacteria. 

None  of  the  other  four  preserving  methods  gives  a  food  that  is  free  from 
bacteria.  Food  preserved  by  fermentation,  dehydration,  low  tempera- 
ture,  or  addition  ol  chemical  substances  is  merely  maintained  in  such  a 
state  that  growth  of  bacteria  present  within  it  is  prevented.  Conditions 
that  are  produced  in  the  food  by  these  methods  and  on  which  the  preser¬ 
vation  depends  must  be  maintained  as  long  as  the  food  4s  to  be  protected 

Until  recently,  there  was  doubt  in  America  as  to  whnt  »  ,,  ~  .  . 

name.  In  a  meeting  of  the  Institute  of  Food  Technologists  in^T  *1  hr*stian 

on  June  29,  1954,  the  fact  was  verified  by  the  Consul  ( ’  l  t V  Angdes’  Cal,f‘> 
that  his  name  was  Nicolas  Franks  Appert!  °f  “  L°S  Angdes 
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from  bacterial  spoilage.  To  preserve  the  condition  which  inhibits  bac¬ 
terial  growth,  however,  it  is  not  necessary  to  seal  the  iood  within  a  (  o\  cr  mg 
that  protects  it  from  contact  with  air  or  with  other  objects;  for  example, 
fruits  preserved  by  the  addition  of  sugar  01  meats  preseived  by  the  addi¬ 
tion  of  salt  will  not  suffer  bacterial  decomposition  so  long  as  concentra¬ 
tions  of  the  preserving  substances  are  maintained  at  the  necessary  high 
points.  Nor  will  meats  or  vegetables  that  have  been  preserved  by  dehy¬ 
dration  undergo  bacterial  spoilage  so  long  as  the  moisture  content  of  the 
food  is  kept  at  the  necessary  low  point.  These  foods  do  not  have  to  be 
protected  from  bacterial  contamination  to  keep  them  in  a  state  of  pieser- 
vation.  In  some  cases,  however,  where  preservation  is  either  by  fermen¬ 
tation  or  by  addition  of  chemical  substances,  fungoid  growth,  such  as 
that  of  mold,  may  occur  on  the  surface  of  the  product,  provided  the  surface 
is  moist.  Obviously,  this  is  a  form  of  spoilage. 

Before  Appert,  man  was  not  able  voluntarily  to  preserve  food  by  means 
of  asepsis.  In  still  earlier  days,  he  was  not  able  to  avail  himself  of  low- 
temperature  preservation  except  when  low  temperature  was  provided  by 
nature.  All  the  means  that  he  could  use  voluntarily  gave  finished  prod¬ 
ucts  that  were  vastly  different  in  appearance  and  flavor  from  the  original 
material. 

Appert,  in  enumerating  the  reasons  why  a  heat-sterilizing  process  was 
desirable,  said  that  desiccation  takes  away  the  odor,  changes  the  taste  of 
the  juices,  and  hardens  the  fiber;  sugar  conceals,  or  in  part  destroys,  other 
flavors  and  is  very  costly;  salt  communicates  an  unpleasant  acerbity  to 
substances,  hardens  the  fiber,  and  renders  it  indigestible;  and  vinegar  can 
be  used  for  only  a  few  articles. 

Appert’s  Work 

Discovery  of  the  principle  of  sterilization  by  heat  and  the  initial 
development  of  the  art  of  heat  processing  by  Appert  constitute  the  most 
outstanding  accomplishment  in  the  history  of  food  preservation. 

Appert  [14]  described  the  four  important  steps  in  his  method  of  proc¬ 
essing  food  as  follows:  “(1)  In  inclosing  in  bottles  the  substances  to  be 
preserved;  (2)  in  corking  the  bottles  with  the  utmost  care,  for  it  is  chiefly 
on  the  corking  that  the  success  of  the  process  depends;  (3)  in  submitting 
these  inclosed  substances  to  the  action  of  boiling  water  in  a  water  bath 
(balneum  mariae),  for  a  greater  or  less  length  of  time,  according  to  their 
nature,  and  in  the  manner  pointed  out  with  respect  to  each  several  kinds 
of  substance;  (4)  in  withdrawing  the  bottles  from  the  water  bath  at  the 
period  prescribed.” 

What  food  Appert  first  preserved  is  uncertain,  as  a  wide  variety  of 
foods  was  discussed  in  his  book.  He  learned  in  his  experimental  work 
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that  it-  is  necessary  to  make  a  distinction  between  acid  and  low-acid  foods 
in  regard  to  the  length  of  time  they  should  be  processed. 

Appert’s  explanation  of  the  efficacy  of  his  process  was  that  “Fire  has 
the  peculiar  property,  not  only  of  changing  the  combination  of  the  con¬ 
stituent-  parts  of  vegetable  and  animal  productions,  but  also  of  retarding, 
for  many  years  at  least,  if  not  of  destroying,  a  natural  tendency  of  those 
same  productions  to  decomposition. ” 


Tin  Cans  and  Autoclaves 


Between  1815  and  1820,  twenty  years  after  Appert  began  to  work 
intently  to  develop  a  method  of  preserving  food  with  the  use  of  heat, 
work  in  England,  which  was  inspired  by  his  accomplishments,  led  to 
the  use  of  tin  containers  for  sterilized  foods.  Appert  also  used  tin  cans 
later. 

Some  time  before  1830  the  autoclave  was  introduced  as  equipment  for 
cooking  canned  foods  under  pressure.  According  to  Bitting  [30],  the 
first  attempt-  to  use  the  pressure  principle  in  cooking  was  made  by  Papin, 
a  Frenchman,  in  1681.  He  used  an  iron  pot  called  a  marmite,  which  had 
a  cover  that  could  be  clamped  down  to  withstand  moderate  pressure. 
The  use  of  the  autoclave  in  canning  was  apparently  started  by  Nicolas 
Appert;  and  in  1852,  Raymond  Chevallier- Appert,  successor  to  Nicolas 
in  managing  the  business  established  by  the  latter,  was  granted  a  patent 
on  an  autoclave  equipped  with  a  pressure  gauge.  Others  credited  with 
the  early  use  ot  water  and  steam  under  pressure  for  canning  are  Fast-ier 
in  1839  and  Isaac  Winslow  in  1843. 


Use  of  Salt  Bath 


- _  wmuuu-y  m  water. 

Boiling  points  of  sodium  chloride  and  calci 
atmospheric  pressure  are  roughly  as  follows: 


calcium  chloride  solutions  under 
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Temp.,  °F 

NaCl,  % 

CaCl2,  % 

212 

0.0 

0.0 

215 

9.5 

8.5 

220 

19.0 

18.5 

225 

25.5 

24.5 

230 

29.3 

240 

36.3 

250 

42.0 

257 

.... 

45.8 

Bitting  [30]  said  that  the  English  are  credited  with  first  using  sodium 
chloride  in  water  for  processing  canned  food,  although  there  is  no  available 
record  to  substantiate  the  fact.  He  stated  further  that  the  first  French 
record  credits  Favre  with  using  salt  in  France,  in  1850,  and  Collin  with 
having  used  calcium  chloride  the  same  year.  According  to  Orem  [59], 
the  introduction  of  calcium  chloride  for  canners’  use  in  the  United  States 
is  credited  to  Isaac  Solomon,  a  canner  in  Baltimore,  about  1860-1861. 
Orem  stated  that,  inasmuch  as  a  temperature  of  240°F  was  easily 
obtained,  the  time  of  process  was  reduced  from  the  five  or  six  hours  which 
was  necessary  by  former  methods. 

While  processing  containers  of  food  in  a  salt  bath  is  a  simpler  operation 
mechanically  than  processing  in  a  pressure  retort,  the  method  has  pro¬ 
nounced  disadvantages.  The  feature  that  constitutes  the  fundamental 
advantage  of  the  salt-bath  technic  constitutes,  as  well,  one  of  its  principal 
disadvantages.  .The  fact  that  the  operation  is  carried  out  at  atmospheric 
pressure  without  the  use  of  a  vessel  capable  of  holding  superatmospheric 
pressure  means  that  superatmospheric  pressure  is  not  imposed  on  the  out¬ 
side  of  the  sealed  containers  while  they  are  being  heated.  Thus  there  is 
no  extra  pressure  on  the  outside  of  the  containers  to  partially  counteract 
the  high  pressure  generated  inside  the  containers.  The  seams  of  the  con¬ 
tainers  are  sometimes  strained  beyond  their  capability  of  endurance,  and 
the  containers  are  caused  to  break  or  explode.  In  addition,  the  salt  causes 
metal  parts  of  the  containers  to  corrode.  These  faults  of  the  salt-bath 
technic  have  been  responsible  for  the  virtual  abandonment  of  this  technic 
for  processing  foods.* 

Development  of  the  Autoclave 

During  these  years  the  technic  of  controlling  the  operation  of  the  auto¬ 
clave  was  being  improved  and  this  type  of  equipment  was  soon  thereafter 
brought  into  commercial  use.  According  to  Orem,  A.  K.  Shriver,  a  canner 

*  Since  1940,  extensive  experiments  have  been  conducted  with  other  high-boiling- 
point  liquids.  These  will  be  discussed  later  in  this  chapter. 
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of  Baltimore,  in  1874,  invented  the  combination  closed  kettle  for  cooking 
with  superheated  water  or  live  steam.  This  was  the  first  canning  retort 
that  received  its  steam  from  an  outside  source. 

In  regard  to  retorts,  Prescott  and  Underwood  [64]  stated 


The  introduction  of  digesters  or  “retorts,”  about  1870,  was  the  next  and  most 
recent  step  in  the  development  of  sterilizing  apparatus.  By  their  use  an  actual 
temperature  of  250°F.  may  be  easily  obtained  both  inside  and  outside  the  can; 
so  explosions  are  avoided.  The  corresponding  pressure  is  14  pounds.  The  only 
precaution  required  is  to  reduce  the  temperature  and  pressure  cautiously.  They 
have  not  been  accepted  as  satisfactory,  however,  on  account  of  the  darkening  of 
the  goods  caused  by  long  continued  heating.  It  is  probable  that  retorts  are  nov 
used  less  than  formerly  in  some  quarters,  through  ignorance  of  their  effectiveness, 
yet  it  is  well  known  that  many  packers  are  using  them  with  excellent  results. 


RELATION  OF  STERILIZING  PROCESS  TO  QUALITY 

Heat  processing  under  pressure  remains  today  the  most  satisfactory 
method  of  sterilizing  canned  foods  of  low  acidity.  The  point  touched* 
upon  by  Prescott  and  Underwood  as  to  the  effect  of  long-continued 
heating  in  impairing  quality  of  the  goods  is  important;  and  this  factor 
has  had  a  major  influence  on  developments  in  the  field  of  pressure  proc¬ 
essing.  While  Nicolas  Appert  stated  that  improvement  of  quality  of 
preserved  foods  was  one  of  the  primary  incentives  which  led  to  the  dis¬ 
covery  of  heat  sterilization,  it  must  not  be  assumed  that  this  ceased  to 
be  a  problem  after  his  discovery  and  during  development  of  the  new  art. 
Today,  without  a  shadow  of  a  doubt,  improvement  -of  quality  stands 
first  as  a  stimulus  to  further  development  of  the  art. 


Bacterial  Contamination  and  Commercial  Processing 

Even  though  the  period  when  the  improvements  already  noted  were 
being  made,  and  for  many  years  thereafter,  the  procedure  followed  in 
processing  was  the  result  of  cut-and-try  operation.  Appert  had  used  a 
process  of  an  hour  at  212°F  with  long  coming-up  and  cooling  periods 
because  of  the  glass  containers,  but  by  1860,  when  higher  temperatures 
were  first  used,  the  length  of  maximum  processes  at  boiling  temperature 
had  increased  to  5  or  6  hr.  The  processes  that  were  successful  when  used 
by  Appert  on  a  small  scale  proved  inadequate  in  commercial  use.  This 
was  due  to  the  fact  that  food  packed  commercially  on  a  large  scale  had 
greater  bacterial  contamination  than  the  foods  packed  experimentally  by 
Appert  Aside  from  the  change  in  technic  resulting  from  introduction 
o  the  tin  container  an  increase  in  processing  time,  brought  about  because 
of  spoilage,  was  the  only  advancement  made  in  the  art  of  processing 
between  the  time  of  its  discovery  and  the  time  of  introduction  of  the  cal 
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cium  chloride  bath.  Prescott  and  Underwood  [G4]  said  that  the  advent 
of  tin  cans  caused  the  first  great  stride  in  the  business,  as  it  opened  a  large 
field  for  work  in  the  preservation  of  meat,  vegetables,  and  fish. 

On  the  subject  of  spoilage  contamination  in  commercial  canning  plants, 
the  influence  of  which  on  the  development  of  processing  technics  through 
the  years  has  been  great,  the  National  Canners’  Association  (NCA)  [56, 
57]  has  this  to  say:* 

The  efficiency  of  any  process  depends  in  large  measure  upon  the  type  and  num¬ 
ber  of  microorganisms  in  the  product  at  the  time  of  canning.  In  general,  the 
processes  presented  in  this  bulletin  are  regarded  as  adequate  when  something 
greater  than  an  average  number  of  spoilage  organisms  is  present.  They  are  not 
necessarily  adequate  in  cases  of  extreme  contamination  by  spoilage  bacteria  that 
may  or  may  not  be  associated  with  insanitary  conditions.  Control  of  contamina¬ 
tion  by  applying  the  strict  principles  of  sanitation  and  by  other  appropriate 
means,  with  adequate,  organized  supervision,  inspection,  and  responsibility,  is  a 
necessary  adjunct  to  any  process. 

Factory  surveys  to  determine  the  identity  of  contamination  sources  and  to 
develop  means  for  their  elimination  have  been  conducted  since  1926.  The  sur¬ 
veys  have  shown  that  the  important  sources  of  significant  contamination  with 
heat  resistant  spoilage  organisms  are  usually  located  within  the  canning  plant. 
Spoilage  organisms  come  originally  from  the  soil  and  are  brought  to  the  canning 
plant  on  the  raw  product.  Preliminary  washing  operations  are  sufficient,  with 
most  products,  to  reduce  this  initial  soil-borne  contamination  to  a  level  which 
will  not  result  in  spoilage.  However,  residual  spoilage  types  may  seed  the  can¬ 
ning  equipment  and  increase  in  numbers  to  a  degree  such  that  they  constitute 
a  spoilage  hazard.  There  are  exceptions,  notably  in  the  case  of  asparagus  and 
mushrooms,  where  soil-borne  contamination  of  the  raw  product  may  be  a  direct 
cause  of  spoilage. 

Factory  studies  to  date  have  centered  chiefly  upon  the  canning  of  asparagus, 
corn,  mushrooms,  peas,  pumpkin,  and  spinach,  but  facts  developed  in  these 
studies  are  applicable  to  other  products. 

The  principal  offenders  among  plant-equipment  items  in  contaminating 
food  materials  are  wooden  items,  flumes,  pumps,  pipes,  extractors, 
cyclones,  fillers,  mixing  tanks,  and  blanchers.  Each  of  these  items  has  a 
history  as  an  agent  of  contamination,  but  the  history  of  the  blancher  is 
among  the  most  iniquitous  in  this  respect.  Extensive  tests  on  pea 
blanchers  by  the  NCA  led  to  the  following  conclusions  [56,57]: 

The  recommendations  made  with  respect  to  control  of  blancher  contamination 
apply  also  to  other  products  that  are  blanched  in  a  conventional  pea  blancher, 
such  as  lima  beans  and  green  and  wax  beans. 

*  Quoted  by  permission  of  the  NCA. 
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Both  rotary  drum  blanchers  and  tubular  blancher  systems  may  become  con¬ 
taminated  with  thermophilic  spoilage  bacteria.  The  contamination  which  occurs 
during  shut-down  periods  can  be  minimized  by  prompt  cooling  of  the  blanchers 
after  use,  by  thorough  cleaning,  elimination  of  steam  leaks,  and  flushing  of  t  ie 
blancher  system  before  its  next  use.  However,  thermophilic  contamination  may 
also  occur  during  operation  of  either  type  of  blancher  system. 

In  rotary  drum  blanchers,  the  contaminating  bacteria  are  able  to  grow  on  the 
inner  surfaces,  above  the  water  line,  where  temperatures  are  reduced  by  cool  air 
drawn  into  the  blanchers  under  loose-fitting  doors  and  other  openings.  Any  sur¬ 
face  in  the  blancher  where  the  temperature  ranges  between  100°F.  and  180°F. 
can  be  the  site  of  bacterial  growth  from  which  heat-resistant  spores  will  be 
washed  by  condensate  into  the  blanch  water  and  there  contaminate  the  peas. 

Efforts  to  prevent  contamination  in  rotary  drum  blanchers  should  be  directed 
toward  elevating  inner  surface  temperatures  above  180°F.  Blancher  doors  should 
be  closed  and  fastened  at  all  times.  Doors  which  are  bent  or  otherwise  out  of 
shape  should  be  repaired  in  order  to  exclude  as  much  cool  air  as  possible.  Vent 
stacks  should  be  eliminated  from  the  shell  of  the  blancher.  The  coldest  sections 
within  a  drum  blancher  are  at  the  feed  end.  The  use  of  a  spray,  inserted  at  the 
upper  edge  of  the  feed  end,  which  delivers  hot  water  (190°F.  or  higher)  over  the 
inside  surfaces  has  been  found  useful  in  preventing  contamination.  During 
operation,  the  temperature  of  the  blanch  water  should  be  as  high  as  practicable, 
and  the  reels  should  be  kept  in  motion  continuously  while  the  blanchers  are  being 
heated  or  being  held  at  operating  temperature.  A  continuous  overflow  from  the 
blancher  should  be  maintained  during  operation. 

The  blancher  water  should  be  dumped  as  often  as  practicable  since  the  num¬ 
ber  of  bacterial  spores  in  the  water  increases  with  time  and  use.  The  drain  and 
water  supply  pipes  should  be  of  sufficient  size  to  permit  rapid  draining  and 
re-filling. 

In  tubular  blanching  systems,  a  large  percentage  of  the  flat  sour  spore  contami¬ 


nation  occurs  in  the  de-watering  reel  into  which  the  peas  are  discharged  from  the 
blanchers.  Thermophilic  bacteria  grow  on  the  mesh  of  the  screen  and  on  the 
surfaces  of  the  splash  boards  around  the  reel  and  the  pan  underneath.  Spores 
produced  by  the  bacteria  are  added  to  the  peas  as  they  pass  through  the  reel  or 
may  be  washed  into  the  water  and  re-circulated  in  the  blancher.  This  contami¬ 
nation  can  be  reduced  if  sprays  are  installed  to  wash  the  surface  of  the  reel  with 
water  which  is  preferably,  but  not  necessarily,  chlorinated.  The  use  of  cold 
water  for  this  purpose  is  desirable  to  lower  the  temperature  of  the  peas  before 
they  enter  the  quality  grader.  Sprays  should  also  wash  down  the  inner  surfaces 
of  the  splash  boards  or  canopy  surrounding  the  reel.  Tests  have  indicated  that 
cold  water  is  effective  in  reducing  flat  sour  contamination  when  used  in  these 
sprays.  The  foam  which  accumulates  on  tanks  supplying  recovered  water  to 
tubular  blanchers  can  be  the  growth  site  for  thermophilic  spoilage  bacteria.  A 
aige,  broad  overflow  should  skim  the  surface  of  the  tank.  Top  sprays  delivering 

sk'iZi„;  thetnt  “  fla‘  a”Sle  "iU  h6lP  P,eVent  tKe  f°,  mati0n  °f  f0a”  “nd  “<>  - 

“hi“  lmp“rti,nt  that  Peas  1x1  washort  thoroughly  after  blanching.  Adequate 
washing  will  remove  large  numbers  of  spoilage  bacteria  but  cannot  be  depended 


22 


STERILIZATION  IN  FOOD  TECHNOLOGY 


upon  to  remove  all  of  the  bacteria  added  by  a  heavy  contamination.  Washing 
with  cold  water  will  reduce  the  temperature  of  the  peas  and  thus  help  to  mini¬ 
mize  slime  growth  in  subsequent  equipment  and  prevent  undesirable  temperature 
increases  in  the  quality  grader  brine. 

Processing  Acid  Products 

In  processing  fruit  and  other  products  containing  enough  acid  to  give 
them  a  pH  value  of  4.5  or  less,  we  are  still  unscientific.  The  requirement 
of  a  process  for  acid  products  is  usually  stated  in  terms  of  a  temperature 
that  must  be  attained  at  the  center  of  the  can  without  regard  to  the  length 
of  time  required  to  attain  that  temperature;  for  example,  the  minimum 
process  is  usually  described  as  that  which  brings  the  temperature  of  every 
particle  of  the  product  to  at  least  180°F.  This  condition  exists  because 
microorganisms  capable  of  causing  spoilage  of  acid  products  have  such 
low  heat  resistance  that  they  are  destroyed  during  a  mild  process  at  or 
below  the  boiling  point  of  water  and  because  the  length  of  the  sterilizing 
processes  for  some  fruit  at  21‘2°F  or  lower  can  vary  considerably  without 
materially  affecting  the  quality  of  the  canned  product.  Consequently, 
since  it  has  not  appeared  necessary  to  establish  processes  that  will  sterilize 
acid  products  with  the  least  effect  upon  quality,  comparatively  little 
study  has  been  devoted  to  this  problem. 

Even  less  is  known  about  processing  semiacid  products  having  pH  values 
within  the  range  of  from  4.5  to  5.5  than  is  known  about  processing  acid 
products.  We  regard  the  accumulation  of  information  along  this  line  as 
important,  and  this  field  of  study,  as  well  as  that  of  acid  foods,  has  begun 
to  receive  attention  of  research  workers. 

Processing  Low-acid  Products 

So  far  as  the  low-acid  products  (vegetables,  sea  foods,  meat,  etc.)  are 
concerned,  sterilizing  retort  processes  often  impair  quality  of  the  product. 
The  industry  has  long  recognized  the  importance  of  studying  processing 
of  these  foods  in  order  to  learn  what  sterilizing  processes  will  have  the 
least  adverse  effect  upon  quality  of  the  canned  product.  In  fact,  almost 
all  of  our  processing  studies  have  been  confined  to  this  field.  Since  the 
introduction  of  the  pressure  retort  in  1874,  important  advances  in  the 
technic  of  commercial  canned-food  processing  have  been  introduction  of 
a  preheat  treatment  of  the  food  before  sealing  the  can;  improvements  in 
retort  manipulation;  introduction  of  the  rotating  reel  batch  process  retort, 
such  as  has  been  used  for  many  years  with  evaporated  milk;  and  intro¬ 
duction  of  the  continuous  pressure  cooker  of  the  Anderson-Barngrover 
type,  which  has,  to  a  large  extent,  displaced  the  batch  retort  for  proc¬ 
essing  evaporated  milk.  The  preheat  treatment,  which  is  facilitated 
greatly  by  the  use  of  the  sanitary  can,  brought  about  almost  complete 
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elimination  of  double  retorting  and  broguing,*  which  were  formerly 
necessary  in  order  to  produce  vacuum  in  the  finished  can  of  food. 

An  increasing  amount  of  attention  is  now  being  given  to  the  so-called 
high-temperature  short-timef  methods  of  processing  low-acid  foods,  and 
the  indication  is  that  these  methods  will  in  time  supplant  present  ones. 


CHANGING  IDEAS  OF  HOW  PROCESS  OPERATES 


Processes  for  canned  food  have  always  been  designated  in  terms  of  time 
and  temperature.  For  a  simple  process,  the  temperature  named  is  the 
temperature  held  uniformly  in  the  heating  medium  during  the  part  ol  the 
process  that  exerts  the  major  sterilizing  effect  on  the  food  in  the  container. 
The  time  named  designates  the  period  during  which  the  temperature  is 
held;  for  example,  a  process  of  15  min  at  240°F  is  one  in  which  the  medium 
surrounding  the  can  is  held  at  240°F  for  15  min. 

Appert’s  description  of  his  processes  shows  him  to  have  been  a  scientist. 
His  careful  specifications  of  the  procedure  to  be  followed  show  that  he 
appreciated  the  fact  that  coming-up  time  and  cooling  time  are  important 
in  the  process.  Later,  however,  most  canners  lost  sight  of  the  importance 
of  these  steps.  The  factors  of  coming-up  time  and  cooling  time  increased 
in  importance  when  high-temperature  processing  of  foods  came  into 
vogue;  nevertheless,  except  in  rare  instances,  canners  of  fifty  years  ago 
discounted  effects  of  coming-up  time  and  cooling  time  upon  the  process. 
Moreover,  since  the  process  was  described  merely  as  a  process  of  x  min 
at  y  deg  F,  the  conception  generally  accepted  was  that  every  particle  of 
the  food  was  subjected  to  a  temperature  of  y  deg  F  for  x  min. 

Scientists  of  the  canning  industry  almost  fifty-five  years  ago  began  to 
realize  that  to  understand  processing  they  must  know  the  rate  at  which 
temperature  rises  at  that  point  in  the  can  last  reached  by  the  heat 
traveling  into  the  can  during  the  process.  Thus  the  line  of  investigation 
known  as  heat-penetration  study  was  born.  The  earliest  scientific  refer¬ 
ence  to  this  subject  found  in  the  literature  is  by  Prescott  and  Underwood 
[65],  By  the  use  of  maximum  registering  thermometers,  they  found  that 
at  the  center  of  a  can  of  corn  being  processed  in  a  retort  at  240°F,  a  tem- 


When  a  food  cannot  be  heated  before  filling  and  sealing  in  the  container  to  a 
sufficiently  high  temperature  to  ensure  the  production  of  a  satisfactory  vacuum  after 
the  food  cools,  the  filled,  sealed  can  is  given  a  heat  treatment  in  the  retort  to  bring 

leLT  ™  averagf  t<!mP<'rature  «•  »ho»M  have  had  when  the  container  was 

t„  ,  ,  ™'Ualr:'r  18  !h™  rcmovl'd  from  the  retort,  punctured  in  the  top,  allowed 
o  vent  hot  gas  (and  liquid  if  the  container  is  too  full)  until  the  container  ends  assume 

ing  wUhtl:0  ThU  ‘s“““er  “  agai"  SOalCd  ty  "°Sing  Puncture  open- 
ou,pIgeC918h'temPeratUre  Sl‘0rt-tim<!  Proocss  is  detoed  and  fully  discussed,  starting 
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perature  of  2‘27°F  was  reached  in  30  min  when  the  temperature  of  the 
corn  at  the  beginning  of  the  process  was  between  180  and  190°F.  Tem¬ 
peratures  of  237.2  and  240°F  were  registered  at  the  end  of  45  and  55  min, 
respectively.  The  following  year  Underwood  [80]  said  that  in  a  large 
number  of  eases  of  spoilage,  especially  in  its  first  stages,  the  souring  may 
be  found  only  at  the  center  of  the  can.  He  stated:  “The  corn  may  be 
sweet  at  the  top  of  the  can,  but  on  taking  a  sample  from  the  center, 
souring  will  be  found.  Should  these  cans  stand  at  a  favorable  tempera¬ 
ture  for  some  time  the  infection  will  become  general  throughout  the  whole 
contents.  This  proves  that  the  heat  sufficient  for  complete  sterilization 
has  not  penetrated  through  the  central  portion  on  account  of  the  low 
conducting  power  of  creamed  corn.” 

Influence  of  Idea  of  Heat  Penetration 

When  the  idea  of  knowing  the  time  at  which  the  center  of  the  can 
reached  the  temperature  of  the  medium  surrounding  the  can  (known  as 
the  processing  temperature)  became  established  in  the  minds  of  canners, 
it  seemed  at  first  to  foster  the  thought  that  a  process  should  be  described 
by  designating  the  time  during  which  the  heating  is  continued  after  the 
center  of  the  can  reached  a  given  temperature.  The  inclination  of  the 
canner,  when  he  began  to  grasp  the  significance  of  the  heat-penetration 
idea,  was  to  say  that  a  certain  product — corn,  for  example — must  be 
processed  in  such  a  way  that  the  corn  at  the  center  of  the  can  is  at  the 
processing  temperature,  or  at  least  at  a  specified  slightly  lower  tempera¬ 
ture,  for  a  certain  number  of  minutes.  He  based  his  specifications  on  the 
first  heat  penetration  results  to  come  to  his  attention.  Such  a  description 
of  a  process  has  proved  to  be  commercially  acceptable  for  acid  products. 
In  fact,  although  unscientific,  it  is  still  used  in  specifying  processes  for 
fruits.  Because  of  variation  in  the  rate  of  heat  penetration  for  different 
products  and  for  cans  of  different  sizes,  combined  with  the  necessity  of 
using  heavy  processes,  however,  this  method  of  specifying  processes  is  not 
satisfactory  for  low-acid  products.  The  error  in  processes  established  on 
this  basis  increases  with  the  increase  in  processing  temperature  and  is 
consequently  greater  for  low-acid  foods  than  for  acid  foods.  A  process 
for  large  cans  of  low-acid  food  thus  established  on  the  basis  of  heat- 
penetration  data  for  a  small  can  would  have  a  great  excess  of  sterilizing 
value  and  would  probably  impair  the  quality  of  the  food  very  much  by 
overcooking.  Conversely,  a  process  for  small  cans  thus  established 
on  the  basis  of  heat-penetration  data  for  large  cans  would  bo  ineffec¬ 
tive  in  sterilizing  the  food  in  the  small  can.  Theory  and  practice  in 
heat-penetration  studies  are  described  in  Chap.  5. 
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Bacteriology  of  Processing 

Bacteriological  laboratories  test  bacterial  spores  to  determine  their 
strength  in  resistance  to  heat.  Thus  they  provide  knowledge  of  the  time 
necessary  to  destroy  spores  at  different  temperatures.  The  time-tem¬ 
perature  relation  for  the  death  points  of  spores  is  a  continuous  function, 
which  fact  signifies  that  there  is  no  temperature  within  the  range  of  those 
used  in  processing  canned  food  that  can  be  regarded  as  a  critical  tem¬ 
perature.  This  shows  the  fallacy  in  the  idea  that  one  can  designate, 
within  the  range  of  lethal  temperatures,  any  one  temperature  that  must 
be  reached  by  a  food  in  a  thermal  process  if  the  food  is  to  be  made  sterile. 
Any  temperature  that  is  lethal  to  the  spoilage  organisms  under  the  chemi¬ 
cal  and  physical  conditions  present  in  the  food  will  be  effective  in  steri¬ 
lizing  the  food,  provided  the  food  is  subjected  to  the  temperature  for  a 
sufficiently  long  time.  This  fact  means  that  heat  at  all  lethal  tempera¬ 
tures  contributes  something  toward  the  sterilization  of  the  food;  therefore, 
sterilizing  effect  begins  to  be  exerted  at  the  center  of  a  can  as  soon  as  this 
point  reaches  a  lethal  temperature. 

This  principle  is  of  great  importance,  not  only  in  the  sterilization  of 
food,  but  also  in  the  inactivation  of  chemical  and  biological  entities,  both 
desiiable  and  undesirable.  1  hese  entities  include  vitamins,  enzymes, 
chemical  compounds  responsible  for  organoleptic  quality  of  substances, 
microbes,  viruses,  and  other  elements  which  are  inactivated  in  the 
production  of  biologicals. 


Establishing  Commercial  Processes 

Through  the  use  of  bacteriological  and  heat-penetration  data,  scientific 
methods  have  been  introduced  into  the  establishment  of  processes  for 
canned  food.  Two  courses  of  procedure  are  followed,  namely,  the  experi¬ 
mental  canning  of  food  that  has  been  inoculated  with  bacterial  spores  of 
mown  resistance,  and  mathematical  calculation  of  the  sterilizing  value  of 

pi  OC6SSCS. 

pack  ^H^m  TVkUS  the  rTd  °f  thC  first  “Perime'>tal  inoculated 
pack.  He  made  this  a  study  of  spoilage  in  peas,  and  by  the  results 

of  the  pack  he  was  enabled  to  prove  that  the  spoilage  was  due  to  bacteria 

Experimental  inoculated  packs  have  been  used  extensively  in  estX 

156imgMee  Pr07TeT  f0r  l0rW:acid  f°ods  that  are  recommended  by  the  NCA 
(50).  Meyer  [55],  Lang  [47],  Cameron  [33],  and  Ball  [221  described  the 
use  of  this  type  of  experiment  to  translate  laboratorv  test  ti  l  r  r 
and  calculations  into  terms  of  commercial  practice  Tl  ’’  lmlmgs 

the  calculation  method  of  determining  processes  as  deve^  Ik 

Bohart,  Richardson,  and  Ball  [29]  and  Ball  [16’l9  20|  J  *gc  ow’ 

*  The  subject  of  inoculated  packs  is  fully  treated  in  Chip.  10. 
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Process  calculations  are  of  great  assistance  in  studying  the  relative 
effect  of  equivalent  processes  at  different  temperatures  upon  quality  of 
a  product.  These  data  have  contributed  largely  to  the  important  infor¬ 
mation  that,  in  proportion  to  their  lethal  effect,  the  higher  temperatures 
have  less  effect  in  impairment  of  the  food  than  the  lower  temperatures. 


MEASURES  TO  PRESERVE  QUALITY 
Fractional  Sterilization 

In  the  absence  of  a  means  to  speed  up  the  rate  of  heat  penetration  a 
modification  in  processing  technic  based  upon  Pasteur’s  method  of  steri¬ 
lizing  bacteriological  media  found  some  favor  among  canners  for  a  number 
of  years.  Pasteur’s  method,  now  known  as  pasteurization,  consisted  of 
heating  the  medium  for  a  half  hour  at  a  temperature  of  134.6°F  or  higher. 
The  modified  method,  by  which  processing  at  boiling-water  temperature, 
or  lower,  was  applied  to  the  sterilization  of  low-acid  canned  foods,  was 
introduced  by  Professor  Tyndall.  This  was  the  fractional,*  or  inter¬ 
mittent,  method  of  sterilization.  Macphail  [51]  credited  Tyndall  with 
enunciating  the  principles  of  this  method  in  1878.  Expressed  briefly, 
fractional  sterilization  consists  of  three  or  more  heat  treatments  on  suc¬ 
cessive  days,  each  of  which  consists  of  a  1-  or  a  2-hr  cook  in  boiling  water. 
It  was  assumed  that  between  heating  periods,  spores  not  destroyed  by 
previous  heating  would  develop  into  the  vegetative  forms  which  would 
be  destroyed  during  the  next  heating  period. 

When  it  worked,  as  apparently  it  did  sometimes,  it  was  the  answer  to 
the  canners’  prayer  for  a  low-temperature  process  that  would  preserve  the 
quality  of  the  product  and  would  not  consume  an  excessive  amount  of 
time. 

Today,  fractional  sterilization  is  entirely  discredited  for  use  with  low- 
acid  foods.  Its  unreliability  lies  in  the  fact  that  microorganic  spores 
frequently  lie  dormant  (that  is,  do  not  develop  into  the  vegetative  form, 
which  is  of  low  heat  resistance)  for  considerable  periods  of  time.  The 
length  of  the  period  of  dormancy  cannot  be  controlled,  nor  can  it  even 
be  known  with  certainty.  In  laboratory  experiments  it  has  been  found 
to  vary  from  a  few  hours  to  as  long  as  3  years  in  food  that  is  held  at 
ordinary  room  temperatures.  There  is  a  possible  objection  to  the  method 
from  another  standpoint.  Since  the  spores  must  germinate  during  the 
holding  periods  between  boiling  treatments,  the  material  must  be  held 
at  some  temperature  that  is  favorable  for  growth.  If  the  spore  develop¬ 
ment  is  rapid,  partial  decomposition  of  the  food  may  take  place  during 
the  holding  periods. 


*  To  be  distinguished  from  partial  sterilization;  see  Chap.  4. 
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Scientific  Retort  Manipulation 


For  production  of  retort-processed  foods  having  color  and  flavor  which 
are  most  nearly  like  those  of  home-cooked  foods,  retort  operation  must 
be  such  that  (1)  every  container  receives  the  same  treatment,  (2)  the 
retort  is  heated  rapidly  to  its  holding  temperature,  and  (3)  the  containers 
are  cooled  rapidly. 

Since  the  beginning  of  the  era  of  retorts,  four  steps  have  been  taken 
which  stand  out  for  their  importance  to  the  advancement  of  the  technic 
of  “still”  retort  operation.  These  are  as  follows: 

1.  The  introduction  of  the  indicating  pressure  gauge  and  the  indicating 
thermometer  as  retort  equipment. 

2.  The  change  from  generation  of  steam  within  the  retort  by  external 
heating  of  the  retort  to  the  piping  of  externally  generated  steam  into  the 
retort. 


3.  The  studies  of  heat  penetration  into  the  container  and  of  tempera¬ 
ture  distribution  within  the  retort,  especially  the  studies  made  with 
thermocouples. 

4.  The  introduction  of  automatic  temperature  and  pressure  controllers. 

The  thermometer  and  the  pressure  gauge  were  used  on  the  retort  for 

many  years  before  the  value  of  this  combination  of  instruments  was  appre¬ 
ciated.  Nevertheless,  their  use  from  the  beginning  did  result  in  an 
increase  in  uniformity  of  processes  and  a  reduction  in  danger  of  bodily 
injury  from  explosion  of  retorts.  Later  their  use  was  essential  to  the  suc¬ 
cess  of  the  scientific  studies  of  temperature  distribution  within  retorts, 
even  though  the  actual  temperature  measurements  in  the  most  successful 
of  these  studies  were  made  with  the  thermocouple.  Ball  [17],  NCA  [56], 
and  Somers  [73]  explained  how  the  results  of  these  studies  are  applied  to 
biing  about  uniform  treatment  of  all  containers  within  a  retort.  Care¬ 
fully  planned  distribution  of  steam  supply  within  the  retort  and  adequate 
venting  to  remove  the  air  are  the  essential  factors. 

Ihe  NCA,  in  its  bulletins  on  processes  for  low-acid  canned  foods  [56  57] 
gives  the  most  carefully  compiled  information  available  to  the  canning 
m  ustry  on  the  subject  of  maintaining  proper  temperature  distribution 
m  retorts,  from  which  the  following  is  quoted.* 

Close  supervision  of  the  cook  room  and  careful  attention  to  details  are  essen 
to  ensure  successful  processing;  otherwise,  irregularities  may  occur  due  to 

^rZatl0n  °'  ^  C°°k  r00m'  to  <«•  *0  ignoramce  of  safe 

In  order  to  be  certain  that  all  cans  secure  the  amn„n*  i  + 
required  to  prevent  spoilage,  careful  control  and  recorXg  of  temne,  T  , 
adequate  venting  of  air  from  all  parts  of  the  retort  are 

7  SpGCial  Perm'ssion,  from  Bull.  26-L,  8th  edition  [56], 


28 


STERILIZATION  IN  FOOD  TECHNOLOGY 


esses  for  canned  foods  are  determined  by  tests  made  with  the  cans  in  “pure” 
steam  (free  of  air)  at  a  definitely  controlled  and  specified  temperature,  and  when 
these  processes  are  applied  in  commercial  practice  identical  conditions  must  be 
met. 

Stacking  Equipment.  Baskets,  trays,  gondolas,  etc.,  for  holding  stacked  cans 
should  preferably  be  of  strap  iron.  Solid  or  insufficiently  perforated  metal  trays, 
dividers,  crates,  or  gondolas  should  not  be  used,  for  such  equipment  can  lead  to 
the  formation  of  low  temperature  regions.  When  perforated  metal  baskets  are 
used,  the  perforations  in  the  bottoms  should  be  at  least  1  inch  holes  on  1?4  inch 
centers,  or  their  equivalent  (H  inch  on  1  inch  centers,  inch  on  1  y2  inch  cen¬ 
ters,  iy<L  inch  on  2\4  inch  centers,  or  1  inch  on  3  inch  centers). 

Stacking  of  Cans.  Cans  should  be  so  stacked  as  to  permit  the  free  circulation 
of  steam  throughout  the  retort  load.  If  it  is  necessary  to  separate  two  lots  in  one 
crate  or  tray,  fish  net  or  onion  sacks  of  inch,  or  larger,  mesh  should  be  used 
rather  than  burlap  or  other  tightly  woven  material. 

Valve-controlled  Vents.  Vents  are  large  valve-controlled  openings  into  retorts 
used  for  elimination  of  air  during  the  come-up  period.  They  should  be  installed 
in  such  a  way  that  all  the  air  can  be  removed  from  the  retort  before  timing  of  the 
process  is  started.  Vents  should  be  controlled  by  gate,  or  plug-cock  type  valves 
which  should  be  fully  open  to  permit  rapid  discharge  of  air  from  the  retort  during 
the  coming-up  period.  The  vents  and  all  external  lines,  manifolds,  etc.,  should 
be  short  and  as  free  as  possible  from  bends  and  other  conditions  which  might 
retard  rapid  discharge  of  air.  The  outlet  pipes  should  be  located  in  the  extreme 
opposite  wall  of  the  retort  from  that  through  which  the  steam  is  admitted. 

No  single  venting  specification  is  entirely  applicable  to  all  retorts,  because  the 
choice  of  a  satisfactory  specification  is  dependent  upon  size,  shape,  and  present 
equipment  of  retorts,  as  well  as  upon  quantity  and  pressure  of  steam  available, 
method  of  stacking  cans  in  the  retort,  length  of  coming-up  time  desired,  resist¬ 
ance  to  outward  flow  of  air  from  the  retort,  etc. 

Six  suggested  installations  and  operating  procedures  are  given  in  the  follow¬ 
ing  diagrams.  Increased  venting  may  be  necessary  when  systems  employing 
divider  plates  between  each  layer  of  cans  are  used.  Where  such  systems  are 
used,  consult  a  laboratory  connected  with  the  canning  industry. 

A.  Venting  through  Multiple  1-in.  Vents  Discharging  Directly  to  Atmosphere. 
Specifications.  One  1-in.  vent  for  every  5  ft.  of  retort  length,  equipped  with  a 
gate  valve  and  discharging  to  atmosphere;  end  vents  not  more  than  ft.  from 
ends  of  retort.  See  Fig.  2.1a. 


Fig.  2.1a.  Diagram  of  horizontal  retort  showing  multiple  1-in.  vents  discharging 
individually  into  the  atmosphere.  ( National  Canners’  Assoc.) 
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Venting  Method.  Valve  should  be  wide  open  for  at  least  5  minutes  to  at  least 
225°F.,  or  for  at  least  7  minutes  to  at  least  220°F. 

B.  Venting  through  Multiple  1-in.  Vents  Discharging  through  a  Manifold  to 
Atmosphere.  Specifications.  One  1-in.  vent  for  every  5  ft.  of  retort  length;  end 
vents  not  over  2F£  ft.  from  ends  of  retort;  size  of  manifold — for  retorts  less  than 
15  ft.  in  length,  2^-in.;  for  retorts  over  15  ft.  in  length,  3-in.  See  Fig.  2.15. 

Gate  valve  Manifold 

' 

^  Steam  spreader 

^  - Inlet 

Fig.  2.16.  Diagram  of  horizontal  retort  showing  multiple  1-in.  vents  discharging 
through  a  manifold  into  the  atmosphere.  ( National  Canners'  Assoc.) 


Venting  Method.  Manifold  vent  valve  should  be  wide  open  for  at  least  6  min¬ 
utes  to  at  least  225°F.,  or  for  at  least  8  minutes  to  at  least  220°F. 

C.  Venting  through  Water  Spreaders.  Size  of  Water  Inlet,  Vent  Pipe,  and 
Vent  Valve.  For  retorts  less  than  15  ft.  in  length,  2-in.;  for  retorts  over  15  ft. 
in  length,  2^-in. 

Size  of  Water  Spreader.  For  retorts  less  than  15  ft.  in  length,  1^-in.;  for 
retorts  over  15  ft.  in  length,  2-in.  See  Fig.  2.1c. 

A  umber  of  Holes  in  II  ater  Spreader.  This  is  an  important  consideration,  and 
may  be  governed  by  local  regulations;  if  not,  a  laboratory  connected  with  the 
canning  industry  should  be  consulted. 

1  enting  Method.  Water  spreader  vent  valve  should  be  wide  open  for  at  least 
5  minutes  to  at  least  225°F.,  or  for  at  least  7  minutes  to  at  least  220°F. 


-5v;^urt:i;t^r21Top  ve"vforRe,or,s  Not 
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E.  Venting  through  a  1  V^-in.  Overflow.  Specifications.  A  1^-in.  overflow 
pipe  equipped  with  a  14^-in.  gate  valve  and  with  not  more  than  6  ft.  of  146-in. 
pipe  beyond  the  valve.  See  Fig.  2.1e. 

Venting  Method.  Valve  should  be  wide  open  for  at  least  4  minutes  to  at  least 
218°F.,  or  for  at  least  5  minutes  to  at  least  215°F. 


Overflow  pipe  os  vent 


Fig.  2.1e.  Diagram  of  vertical  retort 
showing  venting  through  a  146-in.  over¬ 
flow.  ( National  Canners’  Assoc.) 


Fig.  2.1/.  Diagram  of  vert  ical  retort  show¬ 
ing  venting  through  a  1-in.  top  vent. 
( National  Canners’  Assoc.) 


F.  Venting  through  a  Single  1-in.  Top  Vent.  Specifications.  A  1-in.  vent  in 
lid,  equipped  with  a  1-in.  gate  valve  and  discharging  directly  into  the  atmosphere. 

Venting  Method.  Valve  should  be  wide  open  for  at  least  5  minutes  to  at  least 
230°F.,  or  for  at  least  7  minutes  to  at  least  220°F.  See  Fig.  2.1/. 

Bleeders.  Besides  the  thermometer  bleeders,  additional  bleeders  are  neces¬ 
sary,  located  in  the  extreme  opposite  wall  of  the  retort  from  that  at  which  steam 
is  admitted.  These  bleeders  should  be  of  46-inch  size.  A  horizontal  retort 
should  have  one  bleeder  within  12  inches  of  each  end  and  additional  bleeders  not 
more  than  8  feet  apart.  A  vertical  retort  should  have  one  bleeder  at  the  end 
opposite  to  that  at  which  steam  is  admitted.  Bleeders  should  be  open  and  emit 
steam  continuously  and  freely  during  the  entire  process,  including  the  coming-up 
time.  All  bleeders  should  be  arranged  in  such  a  way  that  the  operator  can 
observe  that  steam  is  escaping  during  the  process. 

Drain  Valve.  There  should  be  a  drain  valve  of  adequate  size  to  permit  the 
rapid  removal  of  water  after  cooling.  Under  some  operating  conditions  the  drain 
valve  may  be  used  as  a  vent. 

Steam  Line.  The  steam  line  should  lead  to  a  perforated  pipe  within  the  retort. 
The  pipe  should  be  so  perforated  as  to  ensure  proper  distribution  of  steam  dur¬ 
ing  the  processing  period.  With  horizontal  retorts,  the  perforated  pipe  should 
extend  along  the  bottom  for  the  entire  length  of  the  retort  and  the  perforations 
should  be  along  the  top  of  this  pipe.  In  vertical  retorts,  the  perforated  pipe  is 
usually  in  the  form  of  a  cross  with  the  perforations  along  the  top  or  sides  of  the 
pipe. 

By-pass.  A  steam  by-pass  for  the  control  valve  is  desirable  to  make  possible 
hand  operation  of  the  retort  in  the  event  of  a  breakdown  of  the  control  valve, 
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and  also  to  admit  steam  rapidly  during  the  coming-up  period  when  steam  is  usu¬ 
ally  demanded  in  larger  quantities  than  the  control  valve  is  capable  of  handling. 
This  steam  by-pass  should  be  at  least  equal  in  diameter  to  the  pipe  bringing  steam 
to  the  retort. 

Safety  Valve.  Safety  valves  of  adequate  capacity  are  necessary  to  prevent 
excess  pressure  in  retorts.  These  should  comply  with  local  safety  codes  or  the 
A.S.M.E.  code  for  unfired  pressure  vessels.  For  details  regarding  the  A.S.M.E. 
code,  see  “Accident  Prevention  Manual  for  Industrial  Operations,”  Section  4, 
Pressure  Vessels,  published  by  the  National  Safety  Council  Inc.,  425  North  Mich¬ 
igan  Avenue,  Chicago  11,  Illinois.  Section  4  may  be  obtained  as  a  separate 
reprint. 

Under  certain  processing  conditions,  satisfactory  temperature  distri¬ 
bution  is  more  easily  obtained  with  water  than  with  steam  as  the  heating 
medium.  An  outstanding  example  of  such  conditions  is  found  in  the 
processing  of  glass  containers  in  which  the  problem  of  control  is  compli¬ 
cated  by  the  necessity  of  superimposing  pressure  above  the  vapor  pressure 
of  the  steam.  The  advantages  of  using  water  in  processing  glass  con¬ 
tainers  have  been  pointed  out  by  Parcell  [60,61,62],  Ford  [40],  Parcell 
and  Cruess  [63],  and  Townsend  et  al.  [79],  Raney  [66]  and  the  author  of 
an  anonymous  article  in  Canning  Age  [4]  describe  a  modified  process  with 
features  developed  by  the  Anchor  Cap  &  Closure  Co.  In  this  process, 
the  superimposed  pressure  is  exerted  by  air  entrapped  in  the  retort  when 
it  is  closed. 

On  the  subject  of  measures  to  maintain  proper  temperature  distribution 
while  processing  glass  containers,  the  following  is  quoted.* 


Steam  Introduction.  The  general  requirement  is  for  a  good  steam  distributor 
in  the  bottom  of  the  retort,  providing  uniform  heat  distribution  throughout  the 
retort  and  quick  come-up  time. 

For  vertical  retorts,  these  results  can  be  achieved  by  any  one  of  several  meth¬ 
ods.  One  means  is  an  assembly  of  six  pipes  radiating  from  a  center  coupling 
with  fish-tail  nozzles  at  the  end  of  each  pipe  and  directing  the  steam  up  the  walls 
of  the  retort  outside  the  crates.  Another  means  is  a  four-legged  cross  in  which 
each  pipe  leg  is  perforated  along  one  side  only.  The  legs  are  arranged  in  oppos¬ 
ing  pairs  to  give  alternate  live  and  dead  quadrants. 

In  horizontal  retorts,  the  steam  distributor  should  run  the  full  length  of  the 

bottom  of  the  retort  with  perforations  distributed  uniformly  along  the  upper  part 
of  the  pipe. 

/  Ut.k°rS’  Xnte:  Where  ret<>rts  for  processing  glass  are  used  also  for  steam  processing 
of  metal  containers,  and  m  other  special  cases,  it  may  he  desirable  to  use  special  modi¬ 
fications  of  the  steam-distributing  equipment  described  above.  Advice  from  specialists 

^  “  *  “  *  retolts  to  meet 


By  special  permission,  from  the  NCA  Bull.  30-L,  2d  ed.  [57] 
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Water-level  Indicator.  A  means  of  determining  the  water  level  in  the  retort 
should  be  provided.  This  can  be  accomplished  by  using  a  gauge  water  glass  or 
series  of  pet  cocks  at  different  levels  on  the  retort  but  should  be  supplemented 
with  an  automatic  warning  device  such  as  that  described  below.  Where  the 
gauge  water  glass  is  used,  attention  should  be  given  to  proper  safety  factors. 

Drain  valves  sometimes  leak  during  a  process  because  of  the  presence  of  a  piece 
of  glass  in  the  valve,  or  for  some  other  reason,  and  this  may  result  in  some  of  the 
upper  layers  of  jars  being  above  the  water  line  during  the  process.  Jars  exposed 
in  this  manner  would  be  under  processed  because  of  the  lower  temperature  of  the 
steam-air  mixture.  In  view  of  this,  it  is  strongly  advised  that  an  automatic 
warning  device,  preferably  actuating  a  horn,  be  installed  in  each  retort  to  indi¬ 
cate  to  the  operator  that  the  water  has  fallen  below  a  safe  level.  [See  Water 
Level,  page  34.] 

Air  Supply  and  Controls.  A  reliable  supply  of  compressed  air  at  the  proper 
pressure  and  a  means  of  introducing  it  into  the  retort  at  an  adequate  rate  are 
required.  The  air  is  required  both  to  maintain  water  circulation  and  to  main¬ 
tain  the  necessary  pressure.  An  automatic  pressure  control  unit  is  recommended 
for  both  vertical  and  horizontal  retorts.  In  both,  the  air  should  be  introduced 
with  the  steam  at  the  bottom  of  the  retort  to  control  “chatter.” 

The  amount  of  air  pressure  required  will  depend  upon  the  steam  pressure  in 
the  lines  to  the  retort,  and  upon  the  location  of  the  point  at  which  the  air  is  intro¬ 
duced  into  the  steam  line.  It  should  be  in  the  range  of  50  to  70  psi.  If  the  air 
pressure  at  this  point  does  not  exceed  the  steam  pressure,  no  air  will  pass  into  the 
retort  during  the  come-up  period;  thus,  “chatter”  will  not  be  controlled.  Air 
circulation  should  be  maintained  continuously  during  the  process  and  cool  to 
ensure  uniform  temperature  distribution  and  proper  temperature  and  pressure 
control. 

The  amount  of  air  required  to  prevent  “chatter”  during  the  come-up  depends 
to  a  considerable  extent  on  the  steam  pressure  in  the  line  and  the  back  pressure 
in  the  steam  distributor  itself.  The  amount  of  air  necessary  may  vary  from  8 
to  15  cfm.  Further  details  on  the  amount  of  air  required  fluring  this  period  can 
be  obtained  from  a  laboratory  connected  with  the  canning  industry. 

The  amount  of  air  required  during  the  process  and  cool  periods  will  vary  with 
the  size  of  the  retort.  Three  (3)  cfm  is  suggested  for  three  (3)  crate  vertical 
retorts  and  four  (4)  cfm  for  four  (4)  crate  vertical  retorts.  These  requirements 
assume  that  there  is  no  leakage  from  the  retort  either  through  the  gasket  or 
through  the  overflow  valves. 

A  check  valve  should  be  provided  in  the  air  supply  line  to  prevent  water  from 
the  retort  getting  into  the  system.  An  air  supply  line  with  hand  operated  valve 
connected  to  the  head  space  of  the  retort  may  also  be  provided  for  auxilliary  pres¬ 
sure  control.  A  separate  compressor  is  recommended  for  operating  the  control  instru¬ 
ments.  If  a  separate  compressor  is  not  provided,  the  air  line  to  the  instruments 
should  be  a  separate  line  from  the  compressed  air  tank.  .  .  . 

Several  specific  details  of  vertical  retorts  require  special  emphasis: 

a.  Retort  and  Crate  Diameters.  There  should  be  a  minimum  of  inch  clear¬ 
ance  between  the  side  wall  of  the  crate  and  the  retort  wall  to  allow  ample  water 
circulation  up  the  retort  wall.  The  inside  diameter  of  the  retort  should  be  a 
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nominal  42  inches  and  the  outside  diameter  of  the  crates  should  be  a  nominal 
38  inches.  Not  only  should  diametric  clearance  be  provided,  but  centering 
guides  should  be  installed  to  assure  proper  clearance  between  the  side  wall  of 
the  crate  and  the  retort  wall. 

b.  Retort  Headspace.  A  minimum  of  4  inches  headspace  should  be  maintained 
between  the  top  water  level  and  the  top  of  the  retort  shell.  .  .  . 

Several  specific  details  of  horizontal  retorts  require  special  emphasis: 

a.  Water  Circulating  System.  A  water  circulating  system  is  suggested  to  ensure 
uniform  heat  distribution.  This  system  should  be  installed  in  such  a  way  that 
water  will  be  drawn  from  the  bottom  of  the  retort  through  a  suction  manifold 
and  discharged  through  a  spreader  which  extends  the  full  length  of  the  top  of  the 
retort. 

The  size  of  the  suction  manifold,  circulating  system,  pump,  and  water  spreader 
will  depend  on  the  size  of  the  retort.  The  following  are  suggestions  for  minimum 


sizes  to  be  used: 

For  Retorts  under  15  Feet  in  Length 

1.  Size  of  suction  manifold .  2  inches 

2.  Number  and  size  of  suction  outlets  from  retort  to  manifold.  Two  1^-inch,  equally 

spaced 

3.  Size  of  circulating  line  and  pump .  2  inches 

4.  Size  of  water  spreader .  2  inches 


For  Retorts  over  15  Feet  in  Length 

1.  Size  of  suction  manifold .  2b£  inches 

2.  Number  and  size  of  suction  outlets  from  retort  to  manifold  One  2-inch  outlet  for 


each  8  feet  of  retort 
length  or  fraction 
thereof 

3.  Size  of  circulating  line  and  pump .  21  £  inches 

4.  Size  of  water  spreader .  2H  inches 


The  holes  in  the  water  spreader  should  be  uniformly  distributed  and  should 
have  an  aggregate  area  not  greater  than  the  cross-section  area  of  the  outlet  line 
from  the  pump. 

The  suction  outlets  should  be  protected  with  a  screen  to  keep  debris  from  enter¬ 
ing  the  circulating  system  because  such  debris  may  foul  the  pump  and  clog  the 
water  spreader  holes. 


The  pump  should  be  equipped  with  a  pilot  light  or  other  signalling  device  to 

warn  the  operator  when  it  is  not  running,  and  with  a  bleeder  to  remove  air  when 
starting  operations.  .  .  . 

Stacking  of  Jars.  Jars  should  be  so  stacked  as  to  permit  the  free  circulation 
of  water  throughout  the  retort  load.  Solid  or  insufficiently  perforated  metal 

poThe^t  dfst ribution "  ^  ^  **  >U°h  ca»  “  to 

Refort  Cyde.  In  processing  most  products,  the  highest  quality  will  result  if 
e  retort  is  brought  to  processing  temperature  quickly,  the  timing  of  the  process 
is  accurate,  and  the  process  is  completed  by  prompt  and  rapid  cooling  This  pro' 

6  n0t  0nly  Prote(,ts  the  quality  of  the  product  but  also  shortens  the  total 
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time  required  for  each  processing  cycle  and  so  affects  time  economy  in  the  use  of 
the  retort.  It  applies  to  all  processing  temperatures  and  is  especially  important 
when  the  temperature  is  above  240°F. 

During  the  retort  cycle,  there  are  a  number  of  details  that  must  be  observed  if 
reliable  processing  is  to  result. 

Water  Level.  In  vertical  retorts,  the  starting  water  level  should  be  sufficient 
to  cover  the  crates  of  filled  jars  as  they  are  being  loaded  into  the  retort  without 
a  tendency  to  cause  excessive  overflow,  yet  bring  the  water  level  to  the  overflow 
pipe  at  the  time  of  the  loading  of  the  last  crate.  To  minimize  thermal  shock  to 
the  jars  and  to  promote  rapid  heating  efficiency  as  soon  as  the  retort  is  closed, 
the  temperature  of  the  water  should  be  adjusted  by  the  introduction  of  water  or 
steam  to  approximately  that  of  the  product  in  the  filled  jars.  If  the  tempera¬ 
ture  of  the  water  is  more  than  15°F.  above  the  sealing  temperature  of  the  jars, 
there  is  a  possibility  of  displacing  the  friction  closures.  The  level  of  the  water- 
over  the  top  layer  of  jars  should  be  about  6  inches.  No  extra  jars  should  be 
placed  on  the  top  of  the  last  load,  if  they  are  not  covered  by  at  least  this  depth  of 
water. 

The  effects  of  air  in  the  retort  will  he  discussed  in  some  detail  later  in 
this  chapter. 

When  the  requirement  of  superimposed  pressure  does  not  present  itself, 
steam  is  generally  the  more  satisfactory  heating  medium.  It  has  the 
advantages  over  water  of  lower  cost  and  the  possibility  of  more  rapid 
heating  of  the  retort  and  more  rapid  cooling  of  the  containers. 

Automatic  Control  of  Processes 

The  piping  of  externally  generated  steam  into  the  retort  is  essential  to 
the  use  of  automatic  controllers  for  the  heat  supply.  From  Amdursky ’s 
[3]  review  of  the  history  of  retort  control,  starting  with  the  time  when 
the  common  form  of  pressure-indicating  gauge  was  the  only  instrument 
used,  we  list  the  various  instruments  now  used  in  the  order  of  their  intro¬ 
duction  into  the  field.  The  first  companion  of  the  pressure-indicating 
gauge  was  the  pop  safety  valve;  after  this  came  the  indicating  thermom¬ 
eter;  then  the  mechanically  automatic  instruments  appeared  in  the  fol¬ 
lowing  order:  self-operated  pressure  regulator,  air-operated  pressure 
regulator,  recording  thermometer,  and  air-operated  temperature  regulator. 
Illuminating  discussions  of  the  value  of  these  instruments  have  been 
written  by  Amdursky  [2],  Hall  [42],  Harting  [44],  and  Taylor  [70].  Other 
writers,  Amdursky  [1],  Brendol  [32],  Lyon  [49,50],  Schmid  [70],  and  anony¬ 
mous  writers  in  Food  Industries  [9,10]  discuss  particularly  the  care  and 
use  of  the  instruments. 

The  value  of  a  mechanical  controller  is  measurable  directly  in  terms  of 
the  amount  of  manipulative  activity  it  can  take  out  of  the  hands  of  a 
human  operator.  The  intrinsic  worth  of  relieving  the  operator  from  the 
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necessity  of  active  control  of  the  process  is  measured  in  terms  of  time 
saved  and  of  the  elimination  of  human  errors. 

Automatic  regulators,  of  the  type  that  are  commonly  used  when  a  single 
temperature  is  desired,  function  merely  to  hold  the  retort  at  the  proper 
temperature  during  the  major  part  of  the  process.  A  more  complex  type 
of  controller  for  retorts  has  been  developed  which  can  control  several, 
or  all,  of  the  manipulative  operations  of  a  process.  Sampson  [69]  and 
Schmid  [71]  describe  a  controller  of  this  character  which  makes  a  process 
completely  automatic.  Short  coming-up  time,  accurate  control  of  the 
processing  temperature,  rapid  cooling,  and  complete  control  of  pressure 
throughout  the  process  are  assured.  The  only  attention  required  is  the 
turning  of  a  key  to  start  the  process.  These  controllers  have  attained 
more  extensive  use  in  the  processing  of  glass  containers  than  in  the  proc¬ 
essing  of  tin  containers  because  of  the  greater  complexity  of  the  control 
problem  in  glass  processing,  according  to  an  anonymous  article  in  Canning 
Age  [7]  and  to  White  [93].  Cycle  controllers  have  been  used  by  the  Big 
Stone  Canning  Company  in  processing  No.  10  cans  of  whole-grain  corn, 
however,  since  1931. 

The  cycle  controller  has  grown  into  a  versatile  system  which  is  adapt¬ 
able  to  all  types  of  batch  processing.  Known  as  the  Universal  Retort 
Control  System,  this  will  be  described  in  detail  on  page  67. 

From  the  standpoint  of  the  effect  of  retort  manipulation  on  the  preser¬ 
vation  of  quality  in  canned  foods,  cycle  control  brings  the  “still”  retort 
within  a  very  short  step  of  the  continuous  type  of  process  kettle,  which 
is  the  ideal  equipment  for  time  control  of  heat-sterilizing  processes  for 
foods  sealed  in  containers. 


Continuous  and  Agitating  Processes 

In  continuous  pressure  cookers,  the  sealed  containers  are  taken  into 
and  removed  from  pressure  chambers  by  means  of  valves  that  prevent 
a  loss  ot  pressure  from  the  chambers.  With  temperature  and  pressure 
m  all  chambers  controlled  automatically,  the  continuous  retort  has  all 

***  glVen  t0  the  “sti11”  retort  by  cycle-process 
control  In  addition,  it  can  operate  so  as  to  subject  the  container  instan- 

heatTlV0  ^  temperature  of  the  Process  and  to  terminate  the 

heat  tieatment  abruptly  at  the  prescribed  time.  These  features  are 

advantageous  in  the  processing  of  most  canned  foods. 

.  arvis  [45]  studied  the  processing  of  many  products  in  an  experimental 

rU0US  T’  f0r  either  “Sifting  or  nonagitatir!^ pressure 

ng,  and  reached  the  conclusion  that  many  foods  are  imnroved 

andSaa“SpraoSc^man'y  P''°CeSSed’  ^  USe  °f  a  h‘«h 
The  usual  accompaniment  of  continuous  operation  is  agitation  of  the 
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food  during  processing.  Agitation  is  another  important  factor  from  the 
standpoint  of  preserving  quality  in  the  food.  In  some  cases,  it  is  a  benefit; 
in  other  cases,  it  is  not.  For  most  foods  that  are  benefited  by  agitation 
during  processing,  the  benefit  comes  solely  from  the  effect  of  agitation  in 
accelerating  heat  penetration  into  the  food.  Agitation  is  a  benefit  to  some 
foods,  however  (for  example,  evaporated  milk  and  potted  meat),  because 
of  its  effect  on  the  physical  appearance  of  the  food.  Certain  foods,  on 
the  other  hand,  cannot  stand  agitation  because  of  its  detrimental  effect 
on  their  physical  appearance.  Tender  pieces  of  food  may  be  broken  up 
by  agitation.  Separation  of  the  constituents  of  a  food  is  another  phe¬ 
nomenon  that  sometimes  results;  for  example,  agitation  of  cream-style 
corn  during  processing  increases  the  tendency  to  coagulate. 

Some  practical-use  aspects  of  agitating  cookers  are  discussed  on 
pages  74-88. 

Food  Machinery  and  Chemical  Corp.  manufactures  a  nonpressure 
continuous  cooker  and  cooler  in  which  the  amount  of  agitation  of  the 
container  is  ingeniously  controlled  by  means  of  an  adjustable  mechanism 
that  rotates  the  can  at  a  predetermined  rate  independent  of  the  rate  of 
speed  at  which  the  container  progresses  through  the  cooker.  Aside  from 
this  agitation-control  feature,  the  cooker,  known  as  the  Thermo-Roto 
machine,  is  similar  in  principle  to  the  Wonder  cooker  which  was  used  on 
a  small  scale  for  a  number  of  years.  See  also  page  83,  this  chapter.  A 
machine  operating  on  a  principle  similar  to  that  of  the  W  onder  cookei 
was  put  into  operation  in  Sweden  [/4]  in  1955  in  the  sterilization  of  milk 
by  violently  circulating  hot  air. 

There  are  also  retorts  designed  for  processing  by  the  batch  method 
which  provide  agitation.  Such  retorts,  in  which  the  agitation  is  provided 
by  rotation  of  a  reel,  are  manufactured  by  Berlin-Chapman  Co.,  Fort 
Wayne  Dairy  Equipment  Co.,  and  Food  Machinery  and  Chemical  Corp. 
In  1935,  the  Continental  Can  Company  introduced  a  retort  in  which 
agitation  was  produced  by  reciprocal  oscillation  of  the  entire  retort  load. 

An  important  influence  on  the  effect  of  agitation  on  food  in  cans  is  the 
amount  of  headspace  in  the  cans.  In  all  cases  in  which  the  agitation 
effect  on  the  food  is  critical,  it  is  essential  that  the  amount  of  headspace 
in  the  cans  be  uniform,  and  accurate  control  of  this  factor  is  necessary 
to  obtain  the  desired  effect.  The  use  of  agitation  in  processing  will  be 
further  discussed  later  in  this  chapter.  The  commercial  development  of 
agitating  processes  will  be  covered  in  the  later  pages  of  the  chapter. 

Heating  Food  in  Containers 

A  study  of  methods  which  might  be  used  for  heating  food  in  containers 
for  the  purpose  of  sterilization  should  include  all  of  the  methods  listed 
below : 
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] .  Heat  applied  to  only  one  face  of  container 

2.  Heat  applied  to  multiple  faces  of  container 

a.  Container  enveloped  in  heated  air 

b.  Container  enveloped  in  mixture  of  air  and  steam 

c.  Container  enveloped  in  pure  saturated  steam 

d.  Container  enveloped  in  heated  water 

3.  Container  subjected  to  influence  of  high-frequency  electrical  waves 


Method  1  is  exemplified  by  a  container  resting  on  a  heated  surface,  such 
as  the  top  of  a  stove,  or  over  a  gas  burner,  with  the  container  enveloped 
in  an  atmosphere  which  is  heated  only  incidentally.  It  is  not  a  good 
method  because  it  is  slow,  hard  to  control,  hard  on  the  container,  and 
hazardous.  The  method  has  never  received  serious  consideration  in 
connection  with  canning  technics. 

The  hazard  involved  in  this  method  of  heating  lies  in  the  possibility  of 
explosion  of  a  hermetically  sealed  container,  causing  damage  to  heating 
apparatus  and  severe  injury  to  persons  in  the  vicinity.  Such  disasters 
have  occurred  on  numerous  occasions  when  metal  containers  exploded 
while  being  heated  for  use  in  the  home.  The  heating  operation  began  in 
a  perfectly  innocuous  manner,  with  the  container  partially  submerged  in 
water.  However,  the  water  was  allowed  to  boil  away,  after  which  the 
heating  of  the  container,  dry  outside,  was  continued  until  the  contents 
reached  a  very  high  pressure,  sufficient  to  explode  the  container.  Because 
of  this  hazard,  the  practice  (at  one  time  rather  extensive)  of  printing  sug¬ 
gestions  on  a  canned-foods  label  to  heat  the  container  in  boiling  water 
before  opening  has  been  discontinued. 


Method  2a  is  exemplified  by  a  container  within  a  gas-heated  oven  such 
as  a  baking  oven  of  a  kitchen  gas  range.  This  method  has  been  used  in 
ome  canning,  but  it  does  not  have  acceptance  as  a  good  method  because 
it  is  both  slow  and  hazardous.  The  hazard  is  the  same  as  that  described 
above  Recently,  claims  of  excellent  results  have  been  made  by  engineers 
m  Sweden  [74],  using  heated  air,  moving  at  high  velocity,  for  heating  the 
containers  of  food  under  careful  control. 


Steam  and  Air  Processing 

inretort0sdh^H?S  beeHUSed  commercially  i"  processing  glass  containers 

comnletelv  he  'S  f  •?  PaSt  twenty'five  yoars  the  method  has  lost  favor 
Pletely  because  of  its  uncontrollability  in  retorts  of  commercial  size 

existence  burt,0n  °n  ?ttemptS  t0  P°rfoct  this  method  of  Processing  is  in 

pcrmit  its  •—  *£*£ 
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THEORY  OF  HEATING  WITH  STEAM  AND  AIR; 

PRACTICAL  CONSIDERATIONS 

Even  though  the  premeditated  use  of  a  mixture  of  steam  and  air  in 
heating  containers  of  food  for  sterilization  is  rejected  both  in  principle 
and  in  fact,  the  functioning  of  a  mixture  of  steam  and  air  as  a  heating 
medium  still  merits  thorough  study  in  connection  with  the  subject  of  proc¬ 
essing  because,  even  in  pure  steam  processing  in  still  retorts,  the  effect  of 
steam-air  mixtures  must  be  taken  into  account.  Regions,  commonly 
called  “air  pockets,”  containing  mixtures  of  steam  and  air  always  exist 
in  a  retort  for  some  time  after  steam  is  first  turned  into  the  retort.  They 
exist  until  all  air  has  been  expelled  from  the  retort  by  venting.  It  is  for 
this  reason  that  uniformity  in  treatment  of  the  container  is  promoted  by 
bringing  up  the  temperature  of  the  retort,  with  complete  expulsion  of  the 
air,  in  the  shortest  possible  time. 

In  some  so-called  pure  steam  processes,  air  is  trapped  in  certain  regions 
within  the  retort  because  steam  inlets  and  vents  are  not  properly  located 
to  produce  movement  of  steam  into  all  parts  of  the  retort  and  because 
circulation  of  steam  is  seriously  retarded  by  containers,  trays,  etc.  Such 
a  condition  produces  a  variation  in  temperature  within  the  retort  during 
the  first  portion  of  the  holding  period,  and  an  operator  will  not  be  aware 
of  the  presence  of  the  variation  if  it  so  happens  that  the  thermometer  is 
located  in  a  region  of  pure  steam.  With  improper  steam  admission  and 
venting,  such  variations  have  been  known  to  persist  for  20  min,  while  no 
indication  of  their  presence  was  given  by  thermometer  and  pressure 
gauge.  It  is  to  assist  in  safeguarding  against  this  condition  that  venting 
throughout  the  duration  of  steam  processes  is  recommended. 

Instead  of  exploring  the  mechanics  of  removing  the  air  from  the  retort, 
it  is  desirable  to  emphasize  the  importance  of  air  removal  by  dwelling  at 
some  length  upon  the  theoretical  side  of  the  effect  of  air  pockets  upon 
the  process. 

Equilibrium  Conditions 

According  to  the  laws  of  the  diffusion  of  gases  and  vapors,  when  two 
gases  are  brought  into  contact  with  one  another,  they  mix  until  each  is 
uniformly  distributed  (except  for  the  effect  of  weight  of  gas  and  vapor) 
throughout  the  enclosure  to  which  they  have  access.  A  mixture  of  steam 
and  air  exerts  a  pressure  that  is  the  sum  of  pressure  exerted  by  the  steam 
and  pressure  exerted  by  the  air.  How  closely  the  separate  components 
(steam  and  air)  agree  with  Boyle’s  law  need  not  concern  us  greatly  so 
long  as  we  bear  in  mind  Dalton’s  principle.  The  latter  means  that,  if  the 
steam  in  a  mixture  of  steam  and  air  is  saturated,  it  must  have  the  tern- 
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perature  which,  for  saturated  steam,  corresponds  to  the  partial  pressure 
of  the  steam  in  the  mixture. 

Even  under  most  favorable  conditions  the  diffusion  of  gases  and  vapors 
requires  an  appreciable  length  of  time.  The  rate  of  diffusion  may  be 
reduced  by  numerous  factors,  some  of  which  have  special  importance  lor 
the  behavior  of  air  and  steam  in  a  retort. 

One  of  these  factors  is  restriction  of  the  size  of  the  opening  through 
which  two  vapors  are  in  direct  communication  with  one  another.  The 
opening  may  be  so  small  that  a  very  long  period  of  time  will  be  required 
for  complete  mixing  of  the  vapors  to  be  effected.  Containers,  trays,  etc., 
in  a  retort  impose  such  interference  to  diffusion. 

The  second  factor  is  the  possibility  of  the  existence  of  many  different 
conditions  within  a  mixture  of  steam  and  air,  all  of  these  conditions  having 
an  influence  upon  the  rate  of  attainment  of  equilibrium  conditions  within 
the  mixture. 

In  a  mixture  of  steam  and  air,  the  equilibrium  condition  which  the  mix¬ 
ture  seeks  to  attain  is  that  in  which  the  steam  is  saturated  at  the  tem¬ 
perature  of  the  mixture.  In  this  equilibrium  condition,  the  difference  in 
pressure  between  that  of  the  mixture  and  that  of  saturated  steam  at  the 
given  temperature  is  supplied  by  the  air.  The  conditions  that  actually 
exist  in  the  mixture,  however,  bear  a  definite  relation  to  the  original 
temperatures,  pressures,  and  volumes  of  the  components. 

If  an  unlimited  quantity  of  saturated  steam  at  the  temperature  desired 
for  a  mixture  were  to  enter  a  given  quantity  of  air  having  a  temperature 
lower  than,  equal  to,  or  just  slightly  above  that  temperature,  an  equi¬ 
librium  condition  would  ultimately  be  attained,  provided  radiation  heat 
loss  were  low.  But,  of  course,  the  amount  of  enclosed  air  would  need  to 
be  less  than  enough  to  fill  the  space  at  the  final  pressure  after  the  air  had 
assumed  the  final  temperature.  The  ratio  between  the  quantities  of  the 
two  components  in  a  tight  vessel  could  be  controlled  by  establishing  the 
pressure  of  the  mixture.  This  pressure  is,  however,  critical  for  the  quan- 
titv  of  air  present  and  the  temperature  chosen  for  the  mixture  If  the 
pressure  were  controlled  by  venting  through  a  pressure  relief  valve,  some 

the  nuxtmeeSCaPe>  producing  a  different  ratio  of  steam  and  air  in 


is  lthi:rbrti0n,0f  th?  0lisinal  COnditions  of  the  air  and  the  steam 

of  the  miture  reSU  1,1  estab,lishment  of  the  equilibrium  condition 
of  the  mixture  a  mixture  may  result  in  which  the  air  supplies  more  ores 

eoubih™  W°  ,  be  “S  pr°pc1'  share  iu  a  mixture  under  the  above  defined 

Su  h  a  ZSitrc  ^IH  ^at  casa  ^  steam  wifi  be  in  a  superheated  state! 

hisher  than  the  si,  T  (OCCUr  ‘f  the  mitial  temperature  of  the  air  is 
gher  than  the  saturation  temperature  of  the  steam  corresponding  to  the 
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partial  pressure  of  the  steam  after  the  mixture  is  formed.  During  the 
formation  process,  the  steam  may  either  increase  in  temperature  without 
expanding  or  expand  without  decreasing  in  temperature,  to  become  super¬ 
heated.  On  the  other  hand,  it  may  be  that,  in  certain  regions  within  the 
mixture,  the  air  will  supply  less  than  its  proper  share  of  pressure.  The 
steam  then  must  make  up  the  deficiency.  In  doing  this,  the  steam  must 
maintain  a  temperature  higher  than  that  desired  in  the  mixture.  The 
steam  may  or  may  not  be  saturated.  This  possibility  of  the  existence  of 
many  different  conditions  is  the  second  important  factor  having  an 
influence  upon  the  rate  of  attainment  of  a  uniform  mixture  of  air  and 
steam. 

The  third  factor  that  should  be  considered  is  the  removal  of  steam  by 
condensation.  This  occurs  because  of  the  utilization  of  heat  energy  in 
three  ways:  (1)  in  doing  work  during  the  expansion  of  the  steam  as  it 
enters  the  mixture;  (2)  in  heating  and  expanding  the  air;  and  (3)  in  heating 
objects  with  which  the  vapors  come  into  contact. 

Each  of  the  three  factors  just  described  impedes  uniform  mixing  of  air 
and  steam  within  a  retort  filled  with  small  containers.  Diffusion  tends 
to  bring  about  uniformity,  but,  for  reasons  introduced  by  the  three  factors, 
and  for  other  reasons,  diffusion  alone  cannot  accomplish  it  practically. 
Localized  combinations  of  air  and  steam  that  are  not  in  equilibrium 
can  exist  in  a  retort  simultaneously  with  many  other  localized  combina¬ 
tions  that  actually  do  satisfy  equilibrium  conditions,  while  each  of  the 
latter  can  contain  saturated  steam  at  a  temperature  that  is  different  than 
temperatures  in  other  parts  of  the  retort. 

The  only  internal  influence  tending  to  eliminate  the  variations  is  dif¬ 
fusion.  In  the  face  of  such  difficulties  it  seems  that  the  only  possibility 
of  maintaining  a  uniform  temperature  throughout  the  retort  in  a  steam- 
and-air  process  must  lie  in  a  violent  circulation  of  the  vapors  in  the  retort 
at  all  times.  The  circulation  must  be  rapid  enough  to  overcome  all 
variations. 

Examination  of  the  behavior  of  mixtures  of  steam  and  air  under  five 
sets  of  assumed  specific  conditions  will  exemplify  the  impracticability  ot 
the  attainment  of  controlled  temperature  distribution  in  process  retoi  ts 
containing  air  and  steam. 

EXAMPLES  OF  STEAM  AND  AIR  BEHAVIOR 

We  shall  assume  that  Fig.  2.2  represents  in  vertical  cross  section  a  laige 
retort  into  which  steam  enters  through  the  opening  C.  The  retort  D  is 
of  immense  size,  indicated  by  the  break  in  the  cross-section  drawing  at 
RS.  For  the  purpose  of  illustrating  certain  principles,  the  steam  is  rep¬ 
resented  in  Fig.  2.2  as  being  produced  by  evaporation  of  water  in  the 
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compartment  AB.  This  is  unimportant  from  the  standpoint  of  most  of 
our  discussion,  since  steam  supplied  in  this  manner  to  a  letoit  will,  in  the 
retort,  be  identical  to  steam  supplied  from  a  separate  boiler. 

The  odd  design  of  the  retort  in  Fig.  2.2  is  chosen  for  purpose  of  adap¬ 
tation  to  case  5  of  the  five  cases  about  to  be  discussed.  The  unique 
arrangement  of  thermometers,  pressure  gauges,  and  vents  is  not  essential 
in  cases  1  to  4. 


Case  1 

Pressure  in  Retort  after  Diffusion  of  Saturated  Water  Vapor  in  Dry 

Air  Assume  that  retort  D  is  filled  with  dry  air  at  room  temperature 
and  compartment  AB  is  filled  with  water  at  the  same  temperature  TV 
en  water  is  introduced  into  a  closed  vessel  containing  dry  air  under 

LgrnoPfrtheUw  teVaP°rati0n  °!  thG  Watei>  takes  P^ce  until  the  vapor 
tension  of  the  water  vapor  in  the  vessel  (after  diffusing  with  the  air)  is 

itraldsthTVhaeP°r  TT  °f  the  WatCT  “  the  temperaCu„der  which 

stands  1  he  resultant  pressure  within  the  vessel  is  the  pressure  exerted 

°f  air  Whe"  ^  givenTZmeT,  at 

peiature  1  h  plus  the  vapor  pressure  of  water  at  Tx. 
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The  foregoing  resultant  pressure  could  be  attained  if  there  were  at  least 
enough  liquid  water  to  supply  the  vapor  to  fill  volume  Vi  at  tempera¬ 
ture  T\  and  exert  a  vapor  pressure  equal  to  the  vapor  pressure  of  water 
at  the  same  temperature.  If  the  large  chamber  (including  enclosures  1) 
and  A  B  in  Fig.  2.2)  is  filled  with  dry  air  at  an  absolute  pressure  of  1 ,000  mm 
of  mercury  at  86°F  and  one  drop  of  water  is  introduced  into  the  room,  the 
water  will  ultimately  evaporate.  The  vapor  so  formed  will  diffuse  uni¬ 
formly  throughout  the  room  in  due  time;  the  pressure  in  the  room,  how¬ 
ever,  will  increase  only  by  an  amount  equal  to  the  pressure  exerted  by 
water  vapor  at  86°F  at  the  slight  density  of  one  drop  diffused  in  the  large 
room. 

Since  the  vapor  pressure  of  water  at  86°F  is  31.86  mm  of  mercury,  if  it 
is  desired  to  increase  the  pressure  in  the  room  by  31 .86  mm,  it  is  necessary 
to  evaporate  enough  water  to  fill  the  room  with  water  vapor  of  a  density 
of  0.000,030,37  at  86°F.  In  a  state  of  equilibrium  the  room  must  be 
filled  with  saturated  water  vapor  plus  the  air,  the  vapor  exerting  a  pres¬ 
sure  equal  to  the  vapor  pressure  of  liquid  water  at  86°F.  If  we  assume 
that  all  vent  valves  remain  closed  and  that  no  air  escapes,  the  internal 
pressure  of  the  room  will  be  1031.86  mm  of  mercury. 

Thus  have  we  embarked  upon  an  analysis  of  the  steam-air  distribution 
situation  and  its  accompanying  pressure  in  a  retort  by  studying  the 
entrance  of  saturated  steam  into  air. 

We  shall  now  consider  a  case  in  which  steam  enters  in  a  superheated, 
or  unsaturated,  state. 

Case  2 

Change  from  Unsaturated  to  Saturated  Water  Vapor  within  a  Retort 
during  Venting.  When  water  contains  salt  in  solution,  its  vapor  pres¬ 
sure  at  a  given  temperature  is  less  than  that  of  pure  water,  the  amount  of 
the  difference  depending  on  the  nature  and  concentration  of  salt  in  the 
solution.  At  atmospheric  pressure,  a  saturated  solution  of  sodium  chlo¬ 
ride  boils  at  227. 1°F,  while  one  of  calcium  chloride,  which  contains  76.4  per 
cent  of  salt,  boils  at  355. 1°F. 

Assume  that  a  quantity  of  a  saturated  solution  of  sodium  chloride  at 
86°F  were  put  into  enclosure  AB,  then  enclosure  D  were  filled  with  dry 
air  at  an  absolute  pressure  of  1,000  mm  of  mercury  at  86°F.  Pure  water 
vapor  will  rise  from  the  surface  of  the  solution  and  diffuse  with  the  air, 
causing  an  increase  in  pressure  in  enclosure  D.  If  heat  is  supplied  to  the 
solution  at  such  a  rate  as  to  keep  the  temperature  of  the  solution  at  86°F, 
while  it  gives  off  water  vapor  into  the  air,  the  resultant  pressure  in 
enclosure  D  will  be  approximately  1,022  mm  of  mercury  instead  of 
1,031.86  mm,  as  was  true  in  case  1. 

The  salt  solution  in  enclosure  AB  now  is  heated  very  slowly  so  that 
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water-vapor  pressure,  evenly  distributed  throughout  enclosure  D,  is 
always  practically  equal  to  the  vapor  pressure  of  the  solution  and  the 
temperature  of  the  air  and  vapor  mixture  is  always  practically  equal  to 
that  of  saturated  water  vapor  at  the  vapor  pressure  of  the  solution. 


When  the  temperature  of  the  air  and  vapor  mixture  becomes  212°F,  the 
pressure  of  that  mixture  will  be  1,991  mm  of  mercury  (1,231  mm  due  to 
the  air  and  760  mm  due  to  the  steam),  and  the  temperature  of  the  solu¬ 
tion  will  be  227. 1°F.  By  then  venting  slowly  through  the  vent  valve  Vi 
while  the  temperature  of  the  solution  is  held  constant,  we  will  have 
expelled  all  air  from  enclosure  D,  leaving  only  steam  at  212°F  by  the  time 
the  absolute  pressure  becomes  760  mm.  As  soon  as  the  air  is  expelled, 
the  solution  begins  to  boil.  The  vapor,  as  it  leaves  the  solution,  has  a 
pressure  of  760  mm,  but  its  temperature  is  above  212°F;  it  is  therefore 
unsaturated  and  at  once  begins  to  cool.  When  it  reaches  21 2°F  it  becomes 
saturated,  and  any  further  loss  of  heat  causes  condensation. 

At  the  instant  of  its  formation,  steam  is  saturated,  but  if  it  enters  a 

g  7 

condition  in  which  its  partial  pressure  is  lower  than  that  for  which  its 
temperature  is  the  boiling  point  of  water,  the  steam  immediately  becomes 
unsaturated.  If  the  temperature  of  the  steam  is  maintained  at  a  point 
above  that  at  which  water  boils  at  the  maximum  partial  pressure  that 


can  be  established  by  the  steam,  the  steam  continues  to  exist  in  its  unsatu¬ 
rated  state.  If  either  its  temperature  is  lowered  or  its  partial  pressure  is 
increased  until  a  combination  is  reached  at  which  water  would  boil,  the 
steam  becomes  saturated.  Under  case  2,  a  situation  is  analyzed  showing 
hov  changes  in  pressure  and  temperature  bring  about  conversion  of  steam 
from  the  saturated  to  the  unsaturated  state,  and  vice  versa.  The  impor¬ 
tance  of  these  conversions  of  steam  that  is  being  used  in  processing  lies 
m  the  fact  that,  in  saturated  steam,  the  latent  heat  is  available  for  heating 
the  food  being  processed  because  the  steam  will  condense  on  the  walls  of 
the  container  or  on  the  food,  whereas  in  unsaturated,  or  superheated, 
steam,  only  the  sensible  heat  is  available  for  heating  the  objects.  Sensible 
heat  is  that  heat  which  is  given  up  by  the  steam  as  it  cools  without  con¬ 
densing.  When  the  latent  heat  is  available  for  use,  heating  of  objects 

will  occur  much  more  rapidly  than  when  the  heating  is  done  entirely  by 
the  sensible  heat.  J 

The  superheated  steam  used  in  ease  2  could  have  been  formed  by  having 

heaTtorl  '  t  SatUrated  6*eam  a‘  iltmosPh™c  pressure  and  applying 
the  retort  temPerature  <°  227.1°F  before  admitting  the  steam  , 


o 


^ase  j 


Conditions  in  a  Retort  during  the  Formation  of  “Pockets  ’’  We  m„„ 

constder  that  enclosure  AB  is  filled  with  a  saturated  solution  of  calcTum 
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chloride  containing  an  excess  of  calcium  chloride  crystals  and  retort  D  is 
filled  with  air  at  atmospheric  pressure.  The  initial  temperature  of  either 
the  solution  or  the  air  need  not  be  specified.  The  vent  valve  Vx  is  set  to 
open  at  15  psig,  or  1,535  mm  of  mercury,  absolute  scale. 

The  solution  is  heated,  causing  the  liberation  of  increasing  quantities 
of  water  vapor  or  steam  from  the  surface  E.  The  solution  is  brought  to 
boiling  in  5  min  or  less. 

With  venting  at  only  one  point,  placed  so  as  to  induce  a  direct  flow  of 
steam  from  the  point  of  entrance  without  passing  through  certain  regions 
within  the  retort,  the  conditions  will  permit  the  presence  of  air  pockets 
unless  strong  forced  circulation  is  provided.  There  is  no  such  circulation. 

As  steam  enters  retort  D  from  surface  E  of  the  boiling  solution  and  the 
escape  of  air  and  steam  takes  place  through  vent  valve  IT,  an  air  pocket 
may  be  presumed  to  persist  in  the  location  K.  On  the  other  hand,  within 
a  reasonable  length  of  time  after  the  solution  starts  to  boil  and  a  good  rate 
of  steam  supply  is  established,  a  region  of  pure  steam  may  be  presumed 
to  exist  at  a  point  directly  above  the  opening  C. 

By  “pure”  steam  is  meant  steam  containing  only  an  infinitesimal 
amount  of  air.  It  is  realized  that,  except  by  chance,  absolutely  air-free 
steam  is  never  obtained  even  in  a  perfectly  bled  retort. 

The  pressure  in  retort  D,  as  registered  by  the  gauge  G i,  is  15  lb.  Since, 
in  the  region  of  pure  steam,  this  pressure  is  maintained  by  saturated  steam 
alone,  the  vapor  tension  of  this  steam  is  15  lb  and  the  temperature  is 
249. 7°F. 

Continuous  Gradation 

There  is  a  continuous  gradation  in  density  of  the  air  in  the  retort,  going 
from  its  maximum  density  within  the  region  K  down  to  its  minimum 
density  in  the  region  of  pure  steam.  The  entire  volume  of  the  retort  may 
be  imagined  to  be  divided  into  very  small  elements,  within  each  of  which, 
owing  to  the  infinitesimal  size  of  the  element,  the  air  may  be  considered 
to  be  at  uniform  density.  The  temperature  and  the  density  of  the  air 
in  each  element  determine  the  outward  pressure  exerted  by  that  air. 

Since  the  pressure  within  the  retort  is  maintained  constant  at  15  lb  by 
a  pressure  controller,  the  outward  pressure  of  every  volume  element  must 
be  15  psi,  except  as  very  small  variations  may  be  brought  about  by  such 
factors  as  condensation  of  steam,  bleeding,  etc.,  which  produce  circulation 
of  the  vapors  within  the  retort. 

We  may  assume  that  we  choose  an  instant  at  which  none  of  these  fac¬ 
tors  is  operative  so  that  the  pressure  in  every  volume  element  is  exactly 
15  lb.  It  is  evident  that  the  part  of  the  pressure  in  each  element  which 
is  not  supplied  by  air  must  be  supplied  by  another  vapor.  The  only 
other  vapor  present  to  do  this  is  steam.  Therefore  enough  steam  will 
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enter  each  volume  element  to  make  up  the  deficiency  in  pressure  supplied 
by  the  air.  So,  in  the  volume  element  or  elements  of  greatest  air  density, 
if  it  should  happen  that  the  density  of  the  air  is  sufficient  to  maintain 
15  psig  at  the  temperature  at  which  it  stands,  there  would  he  no  steam 
in  this  or  those  volume  elements.  This  condition  could  not  be  maintained 
indefinitely,  however,  because  as  soon  as  steam  has  made  its  way  to  the 
walls  of  such  a  volume  element,  the  steam  must  begin  to  diffuse  with  the 
air  within  the  element.  When  this  happens,  unless  there  is  a  reduction 
in  temperature  of  the  air,  air  must  be  displaced  from  the  volume  element 
by  the  steam.  This  must  occur  because,  if  all  the  air  which  was  in  the 
volume  element  remained  there  after  steam  had  entered  the  element  with¬ 
out  a  drop  in  temperature,  the  pressure  within  the  element  would  rise 
above  15  lb.  There  could  be  a  drop  in  temperature  of  the  air  in  the 
element,  due  to  absorption  of  energy  by  the  steam  to  effect  expansion  of 
the  steam  as  it  enters  the  element.  If  the  drop  in  temperature  were 
sufficient,  air  would  not  be  expelled  from  the  element  in  order  to  keep  the 
pressure  at  15  lb. 

Since  the  boiling  temperature  of  the  solution  in  enclosure  AB,  under 
15  psig,  will  be  above  392°F,  the  walls  of  each  bubble  of  steam  are  at  a 
temperature  above  392°F.  Steam  in  bubbles  within  the  solution  is  prob¬ 
ably  superheated,  even  though  the  pressure  within  the  bubbles  is  slightly 
greater  than  15  lb.  This  probably  is  true  even  though  the  steam,  in  its 
expansion,  has  absorbed  more  heat  energy  than  it  could  possibly  give  off 
in  cooling  from  the  temperature  of  the  solution  to  the  saturation  tem¬ 
perature  corresponding  to  its  pressure.  Upon  leaving  the  surface  of  the 
solution,  the  steam  immediately  has  a  pressure  of  only  15  lb  and  it  is  still 
unsaturated,  just  as  it  might  be  for  an  instant  if  it  were  issuing  from  a 
steam  supply  line.  It  gives  up  heat  energy  as  rapidly  as  surrounding 
conditions  permit,  however,  and  thus  soon  either  condenses  or  becomes 
saturated  steam  at  15  lb  pressure  at  a  temperature  of  249. 7°F. 


Localized  Increase 

Any  localized  increase  in  temperature  above  249.7°F  without  an 
increase  in  pressure,  or  any  decrease  in  pressure  below  15  lb  without  a 
decrease  in  temperature  of  this  steam  after  it  leaves  the  surface  E  of  the 
sou  ion  or  alter  it  leaves  the  first  region  of  pure  steam  at  15  lb,  would 
change  it  to  unsaturated  steam. 

theltiam  inlrrease  “  te“'>TraU,re  sho»M  occur  and  were  maintained, 
he  Steam  in  the  region  would  have  to  remain  unsaturated  (even  though 

t  e  tendency  ot  vapor  is  always  to  approach  a  saturated  state)  unless  addi 

^rih“=iS!r  t;  °f  r  4“ 

moves  into  a  volnme  element  that  contains  air  ^  tfmporarUy 
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unsaturated  because  it  can  no  longer  exert  15  lb  pressure.  It  must  now 
share  the  pressure  within  the  volume  element  with  the  air.  It  probably 
will  quickly  either  condense  or  assume  the  saturated  state,  however, 
because  of  its  high  absorption  of  energy  in  expanding.  Some  steam 
will  condense  in  order  to  supply  energy  to  expand  that  which  does  not 
condense. 

Consider  a  particular  volume  element  in  location  K,  containing  air  of 
density  sufficient  to  give  a  gauge  pressure  of  10  lb.  Sufficient  steam  has 
entered  this  volume  element  to  bring  the  total  pressure  within  the  element 
up  to  15  lb,  i.e.,  the  steam  is  sufficient  to  exert  in  itself  a  pressure  of  5  lb. 
As  this  steam  pressure  is  much  lower  than  the  saturation  pressure  corre¬ 
sponding  to  249. 7°F  (the  temperature  of  the  steam  prior  to  its  entering 
this  volume  element),  the  steam  temporarily  may  become  unsaturated. 
It  will,  however,  quickly  drop  to  the  saturation  temperature,  227. 2°F, 
corresponding  to  5  psig,  and  simultaneously  will  absorb  energy  from  its 
surroundings  (probably  latent  heat  from  other  steam  which  condenses)  in 
order  to  accomplish  its  expansion.  If  it  happens  in  this  exchange  of  heat 
that  the  temperature  of  the  steam  be  reduced  to  227. 2°F  just  at  the  time 
the  temperature  of  the  air  reaches  227°,  the  steam  will  become  saturated 
at  this  temperature.  If  the  steam  drops  to  227°F  before  the  air  is  raised 
to  this  temperature,  there  will  be  a  further  lowering  of  temperature  of 
the  steam  and  consequently  some  condensation  until  the  steam  and  air 
attain  equal  temperature.  If  the  air  reaches  the  temperature  of  227° 
while  the  steam  is  at  a  higher  temperature,  there  will  be  a  further  elevation 
of  the  temperature  of  the  air  and  the  steam  in  this  volume  element  will 
remain  unsaturated. 

Should  the  pressure  of  this  volume  element,  after  the  steam  became 
saturated,  suddenly  become  less  than  15  lb,  the  steam  in  the  element 
would  again  become  temporarily  unsaturated  but  immediately  would 
become  saturated  at  its  reduced  pressure  as  heat  is  absorbed  in  expansion 
of  the  steam  and  air.  A  part  of  the  steam  would  condense  to  provide 
energy  for  expansion  of  air  and  steam  by  giving  up  latent  heat. 

In  every  volume  element  containing  air,  the  steam  will  be  in  a  state 
analogous  to  one  of  those  just  described.  At  each  point  the  partial  pres¬ 
sure  of  the  steam  alone  will  be  just  the  deficiency  of  the  pressure  of  the 
air  in  the  volume  element  below  15  lb.  Just  as  there  is  a  continuous 
gradation  in  air  pressure  from  almost  nil  in  the  region  of  pure  steam  to 
almost  15  lb  in  the  region  of  pure  air,  there  is  also  a  gradation  of  steam 
pressure  from  almost  nil  in  the  region  of  pure  air  to  almost  15  lb  in  the 
region  of  pure  steam. 

The  variety  of  possible  situations  cited  under  case  3  reveals  the  absolute 
impossibility  of  predicting  (1)  what  the  temperature  will  be,  (2)  what  the 
ratio  of  steam  to  air  will  be,  and  (3)  whether  or  not  the  steam  will  be  in 
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saturated  state  at  any  given  point  in  a  retort  holding  containers  of  food 
surrounded  by  steam  and  air  in  the  absence  of  violent  forced  circulation. 


Case  4 


Heating  of  Solid  Objects  within  Mixture  of  Steam  and  Air.  We  now 

place  into  the  retort  described  under  case  3  solid  objects,  such  as  con¬ 
tainers  of  food,  at  comparatively  low  temperature.  One  container  may 
be  at  K,  another  at  L. 

As  the  solution  A  is  heated  and  steam  from  surface  E  mixes  with  air 
in  the  retort,  each  container  will  be  heated  by  latent  heat  from  steam 
condensed  on  its  surface  until  the  container  assumes  the  saturation  tem¬ 
perature  of  the  steam  in  the  mixture  of  air  and  steam  surrounding  the 
container.  Above  that  temperature,  since  the  steam  can  no  longer 
become  saturated  and  therefore  cannot  condense,  heating  of  the  container 
can  take  place  only  through  transfer  of  kinetic,  or  sensible,  heat  from  the 
air  and  superheated  steam  to  the  surface  of  the  container. 

The  heat  energy  that  is  imparted  to  the  container  during  the  latter 
stage  of  heating  is  in  part  conducted  through  the  air  and  steam  sur¬ 
rounding  the  container,  and  in  part  carried  to  the  container  by  convection 
currents. 

It  is  assumed,  however,  that  convection  currents  around  the  container 
during  this  stage  of  heating  do  not  change  the  proportions  of  air  and  steam 
in  the  mixture  in  contact  with  the  container.  Latent  heat,  therefore, 
cannot  be  imparted  directly  to  the  container,  although  the  air  and  steam 
that  transmit  the  sensible  heat  derive  this  energy  as  latent  heat  from 
condensation  of  steam  at  points  some  distance  from  the  container  where 
the  saturation  temperature  is  higher  than  the  temperature  of  the  medium 
surrounding  the  container. 


We  may  assume  that  5  min  after  solution  A  begins  to  boil,  the  medium 
surrounding  container  L  is  62^  per  cent  air  and  the  medium  surrounding 
container  K  is  80  per  cent  air.  Since  the  processing  pressure  is  15  psig, 
the  saturation  temperature  for  steam  at  L  is  that  corresponding  to  14  lb 
pressure,  and  at  K,  that  corresponding  to  3  lb  pressure,  or  247. 8°F  and 
221.5°F,  respectively. 

Keeping  in  mind  the  principle  here  illustrated,  we  find  it  not  difficult 

to  explain  why  heating  by  a  mixture  of  air  and  steam  is  slow.  The  reasons 
are  as  follows. 

1.  The  effective  processing  temperature  for  the  container  at  which  heat 
energy  can  be  transmitted  to  the  container  at  a  rate  worthy  of  comparison 
to  that  obtained  in  a  pure-steam  process  is  only  the  saturation  tem¬ 
perature  of  the  steam  at  its  pressure  in  the  mixture.  For  example  if  the 
mixture  is  50-50  air  and  steam  and  the  processing  pressure  is  15  lb  the 
maximum  temperature  at  which  steam  will  condense  on  the  surface ’of  a 
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container  surrounded  by  the  mixture  will  be  about  '234°F  instead  of  the 
nominal  processing  temperature  250°F. 

2.  Unless  there  is  forced  circulation  to  move  the  air  away  from  the  con¬ 
tainer,  the  temperature  below  which  condensation  of  steam  will  occur  on 
the  container  will  be  continuously  lowered  until  the  container  reaches  the 
saturation  temperature  of  steam  in  the  mixture.  Convection  currents 
set  up  to  fill  voids  adjacent  to  the  container,  produced  by  the  conden¬ 
sation  of  steam,  are  formed  by  both  air  and  steam  so  that  the  blanket  of 
air  around  the  container  increases  in  density  as  the  steam  continues  to 
condense  on  the  container.  Thus,  assuming  that  in  the  beginning,  the 
mixture  is  50-50  air  and  steam,  unless  the  air  is  forced  to  move  away  from 
the  container  by  major  convection  influences  or  by  other  means,  the  con¬ 
tent  of  air  in  a  given  portion  of  the  mixture  in  contact  with  the  container 
will  become  75  per  cent  of  the  total  as  soon  as  the  condensation  of  all 
steam  originally  included  in  the  given  portion  of  mixture  is  completed. 
The  effective  processing  temperature  then  would  be  only  about  224°F. 

3.  Even  when  the  container  is  receiving  heat  energy  from  steam  being 
condensed  on  its  surface,  the  rate  of  this  transfer  is  retarded  as  compared 
to  the  rate  of  transfer  in  pure  steam  at  the  same  temperature  because  the 
air  interferes  with  the  movement  of  steam  molecules  to  the  surface  of  the 
container. 

4.  After  the  container  shall  have  reached  the  saturation  temperature 
of  the  steam  in  the  mixture  surrounding  the  container,  the  transfer  of 
heat  energy  to  the  container  will  be  as  from  a  noncondensible  gas  and 
will  be  dependent  upon  (a)  the  rate  at  which  the  air  and  steam  mixture 
can  be  heated  by  steam  entering  the  retort  and  ( b )  the  velocity  of  con¬ 
vection  currents  past  the  container.  At  best,  heating  by  transfer  of 
kinetic  energy  from  a  gas  is  slow  compared  to  that  of  the  transfer  of  latent 
heat  from  condensing  steam  or  that  of  the  transfer  of  kinetic  heat  from 
water. 


Latent  Heat  Factor 

It  is  clear,  in  a  consideration  of  the  preceding  explanation  of  the 
behavior  of  a  mixture  of  steam  and  air,  that  the  rate  of  heating  of  a  solid 
object  in  such  a  mixture  is  not  indicated  by  the  temperature  of  the  mixture 
as  measured  by  a  thermocouple  or  other  temperature-measuring  instru¬ 
ment.  For  example,  if  the  temperature  of  the  surface  of  the  object  is 
higher  than  the  saturation  temperature  of  the  steam  in  the  mixture,  even 
though  the  temperature  of  the  steam  and  air  is  higher  than  that  of  the 
object,  heating  of  the  object  is  very  slow  because  latent  heat  does  not 
participate  in  the  heating. 

In  these  phenomena,  associated  with  the  imparting  of  heat  to  a  con¬ 
tainer  of  food  by  a  mixture  of  steam  and  air,  we  might  have  an  explanation 
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of  the  broken  heating  curve.  A  hypothesis  is  established  that  provides 
a  logical  explanation  of  this  characteristic  of  heating,  which  is  typical  of 
products  having  low  or  intermediate  thermal  diffusivity  constants.  A 
very  small  quantity  of  air  in  the  steam  supplied  to  the  retort  may  be 
enough  to  build  up  around  a  container  of  food  an  air  blanket  of  sufficient 
density  to  reduce  materially  the  saturation  temperature  of  the  steam  in 
contact  with  the  container.  This  interpretation  suggests  that  we  look 
outside  rather  than  inside  the  container  for  an  explanation  of  the  broken 
heating  curve,  the  somewhat  mysterious  type  of  heating  curve  described 
on  page  197,  Chap.  5. 

Another  explanation  of  broken  heating  curves,  involving  an  effect 
external  to  the  container,  was  suggested  but  not  published  several  years 
ago  by  F.  C.  W.  Olson.  Olson’s  explanation,  as  applied  to  fast-heating 
products,  assumed  that  a  decrease  takes  place  in  the  value  of  the  film 
coefficient  of  heat  transfer  as  the  difference  in  temperature  between  the 
container  and  the  retort  diminishes  and  that  the  decrease  in  coefficient  of 
heat  transfer  is  responsible  for  a  break  in  the  heating  curve.  This  postu¬ 
lation  is  unrelated  to  that  set  forth  above,  which  is  based  on  the  behavior 
of  steam  and  air. 

With  this  exposition  of  the  mechanism  through  which  heat  is  imparted 
to  substances  by  steam  and  air,  we  have  completed  our  study  of  the  results 
of  having  air  in  a  retort  while  processing  food  when  the  heat  supposedly 
is  being  imparted  to  the  food  directly  by  contact  of  the  steam  with  either 
the  food  or  the  container.  There  remain  two  questions  which  are  some¬ 
times  responsible  for  the  confusion  that  prevents  a  clear  understanding 
of  the  operational  angles  of  this  subject.  These  questions  will  constitute 
the  substance  of  case  5. 

Case  5 

Boiling  of  Water  and  Agreement  of  Temperature  with  Pressure  in  a 
Retort  Containing  Air.  The  following  discussion  is  intended  to  answer 
in  the  affirmative  two  questions  that  are  sometimes  asked  regarding  the 
behavior  of  water,  steam,  and  air  in  retorts.  The  questions  are: 

1.  Will  water  boil  in  a  retort  before  the  air  is  exhausted? 

2.  Can  there  be  agreement  between  a  pressure  gauge  and  a  thermometer 

with  its  bulb  immersed  in  water  before  the  air  has  been  exhausted  from 
the  retort? 

Refer  to  the  retort  illustrated  in  vertical  cross  section  in  Fig  2 
Water  at  a  temperature  of  86°F  is  placed  in  the  lower  compartment  A  R  ■ 
then  dry  air  (also  at  temperature  of  86°F)  is  forced  into  the  retort  D  under 

?  ,P?C?,r  2?'7'5  psia'  the  vent  bei"8  lef»  open  until  the  water  com¬ 
pletely  fills  the  compartment  B.  Valve  V t  is  then  closed,  the  water  sur- 

face  in  contact  with  the  air  in  D  being  at  E.  The  lever  valve  F,  is  set 
at  10  lb. 
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l  nder  these  conditions,  the  readings  of  the  three  pressure  gauges  will  be: 

Gage  No.  Pressure ,  Lb. 

Gi  15 

G2  15  +  Pi 

G3  15  -  P2 

where  Pi  is  pressure  due  to  the  head  of  water  // 1,  lying  between  the  surface 
level  E  and  the  level  of  gauge  Go,  and  P2  is  pressure  due  to  the  head  of 
water  H2,  lying  between  the  level  of  gauge  G3  and  the  surface  level  E. 
The  weight  of  air  and  vapor  is  here  neglected. 

Saturated  vapor  immediately  begins  to  rise  from  the  surface  E  and  to 
diffuse  with  the  air,  adding  its  pressure  to  that  of  the  air  and  causing  the 
valve  V i  to  open  slightly  and  allow  sufficient  air  and  water  vapor  to  escape 
to  keep  the  pressure  at  exactly  15  lb.  Owing  to  the  immensity  of  the 
volume  of  air  present,  a  considerable  time  will  be  required  for  enough 
vapor  to  rise  from  the  small  surface  E  to  establish  equilibrium  between 
the  water  and  its  saturated  vapor.  We  may  wait  for  this  equilibrium  to 
be  established,  however,  and  then  we  shall  find  that,  of  the  29.715  psia 
maintained  in  the  vessel,  the  air  is  responsible  for  only  29.104  lb,  while 
the  remaining  0.611  lb  is  the  pressure  exerted  by  the  water  vapor  which 
has  diffused  with  the  air  to  form  a  homogeneous  mixture.  In  venting, 
the  fraction  (0.611  X  100)/(29.715),  or  2  per  cent,  of  the  air  is  removed. 

Rapid  Temperature  Rise 

Now  we  shall  apply  heat  to  the  water  in  the  lower  compartment  in  such 
quantity  that  the  temperature  of  the  water  throughout  its  volume  is  raised 
at  the  rate  of  25°/min.  As  the  temperature  of  the  water  rises,  its  vapor 
pressure  increases  rapidly;  and  with  such  a  rapid  rate  of  increase,  a  con¬ 
dition  far  from  equilibrium  between  water  and  its  vapor  must  exist  in 
retort  D,  because  circulation  of  steam  is  not  rapid  enough  to  maintain 
equilibrium.  As  the  pressure  tends  to  increase,  because  of  the  vapor 
which  rises  from  the  surface  E  and  because  of  rise  in  temperature  of  the 
air,  the  valve  V\  allows  the  escape  of  a  sufficient  quantity  of  the  mixture 
of  air  and  water  vapor  to  keep  the  pressure  constant.  If  necessary,  in 
order  to  keep  the  water-surface  level  at  approximately  the  position  E,  the 
amount  of  water  within  enclosure  AB  may  be  either  increased  or  decreased 
from  without.  As  soon  as  the  vapor  pressure  of  the  water  reaches 
29.715  —  P 2  lb,  water  vapor  will  form  above  the  water  in  region  B.  If 
Po  is  small,  this  will  not  occur  until  the  temperature  of  the  water  almost 
reaches  249. 7°F. 

As  the  temperature  of  the  water  approaches  very  near  to  249. 7°F,  the 
pressure  of  the  vapor  above  the  water  surface  at  B  approaches  15  lb. 
Since  this  surface  is  large,  the  evaporation  here  will  be  rapid  and  the 
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pressure  of  the  vapor  in  this  region  will  lag  but  little 'behmd/ the  va^oi 
tension  of  the  water.  Therefore  we  may  say  that  almost  'immediately 
after  the  water  reaches  249.7°,  the  vapor  at  B  will  have  reached  15  psig 
and  forced  the  water  down  until  its  surface  is  level  with  that  at  C,  viz., 
at  level  MN . 

At  this  point  we  may  say  that  all  three  gauges  register  15  lb,  if  we 
neglect  the  effect  of  the  head  of  water  Hz  upon  pressure.  Thermometers 
T-i  and  7\  indicating  respectively  the  temperatures  to  which  containers 
M  and  N  are  subjected,  will  both  register  249. 7°F,  while  thermometer  rl\ 
will  register  a  lower  temperature  that  will  depend  upon  the  composition 
of  the  mixture  of  air  and  water  vapor  in  compartment  D. 

Equilibrium  having  been  established  between  water  and  its  vapor  at  B , 
there  will  be  further  evaporation  here  only  to  the  extent  necessary  to 
replace  steam  that  condenses.  Assuming  the  amount  of  condensation 
here  to  be  slight,  the  evaporation  will  probably  take  place  only  from  the 
surface  of  the  water  without  the  production  of  ebullition.  At  the  time 
the  temperature  of  the  water  reaches  249. 7°F,  however  (about  6^  min 
after  first  application  of  heat),  because  of  the  time  required  for  steam  to 
diffuse  through  the  air,  the  pressure  in  I)  of  the  water  vapor  which  has 
passed  off  from  the  surface  at  C  falls  far  short  of  being  29.715  psia.  There 
is,  therefore,  far  from  an  equilibrium  condition  between  the  water  at  sur¬ 
face  M  and  its  vapor  in  retort  I).  In  an  effort  to  establish  equilibrium, 
water  vapor  will  form  at  a  rate  that  depends  on  the  rate  of  the  application 
of  heat,  assuming  that  the  size  of  the  vent,  Vh  is  sufficient  to  hold  the 
pressure  constant,  no  matter  how  fast  the  vapor  is  formed. 


State  of  Ebullition 


The  principle  of  ebullition  requires  that  boiling  take  place  as  soon  as 
the  vapor  pressure  of  water  just  exceeds  (by  an  infinitesimal  amount)  the 
external  pressure  exerted  on  the  surface  of  the  water.  In  this  case  the 
external  pressure  is  29.715  psia,  a  part  of  which  is  exerted  by  air  and  a 
part  by  water  vapor,  or  steam  which  may  or  may  not  be  saturated  (its 
condition  being  like  that  of  the  steam  in  the  air  pocket  considered  in 
case  3) .  The  steam  exerts  a  pressure  equal  only  to  the  difference  between 

the  pressure  exerted  by  the  air  present  and  the  registered  pressure  of 
29.715  psia. 


To  treat  this  condition  rigidly,  volume  elements  should  be  considered 
as  was  done  in  case  3,  but  this  treatment  does  not  seem  necessary  in  this 
instance.  It  should  be  evident  that,  as  soon  as  the  vapor  pressure  of  the 
water  exceeds  29.715  by  an  infinitesimal  amount,  the  water  will  boil  ur 
the  tube  C  the  vigor  of  the  boiling  depending  upon  the  amount  of  heal 

applied.  Since  the  compartment  1)  is  of  enormous  size,  the  boiling  will 
continue  lor  a  long  time  lled  through*ven, 

- 
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Vi.  During  all  this  time,  gauges  G2  and  03  will  register  15  lb  (plus  an 
infinitesimal  increment);  Gx  will  register  15  lb;  thermometers  T2  and 
will  register  249. 7°F  (temperature  surrounding  containers  M  and  N),  and 
7\  will  register  a  temperature  that  approaches  249. 7°F  as  the  expulsion 
of  air  progresses. 

If  it  should  be  said  that  this  ebullition  is  not  true  boiling,  the  contrary 
may  be  proved  by  opening  vent  V2,  allowing  steam  from  region  B  to 
escape.  When  this  is  done,  boiling  will  take  place  in  this  section  of  the 
compartment,  and  surely  there  is  only  pure  steam  above  the  water  here; 
certainly  if  this  is  not  true  boiling,  then  there  is  no  such  thing.  But  the 
ebullition  in  section  A  is  taking  place  in  the  same  water  and  at  the  same 
temperature  and  pressure  as  that  in  section  B.  Therefore,  they  must 
both  be  the  same  kind  of  boiling. 

It  appears,  therefore,  that  true  boiling  can  take  place  in  a  retort  from 
which  not  all  of  the  air  has  been  expelled.  The  condition  that  must  be 
fulfilled  in  order  that  this  may  occur  is  that  the  heating  of  the  water  should 
be  so  rapid  that,  up  to  any  instant,  evaporation  cannot  take  place  fast 
enough  to  produce  a  vapor  tension  within  the  retort  equal  to  the  vapor 
pressure  of  the  water  at  that  instant. 

When  the  pressure  due  to  water  vapor  alone  in  every  part  of  the  retort 
equals  the  vapor  pressure  of  the  water  at  the  same  instant,  there  can  be 
no  air  in  the  retort  and  still  be  an  agreement  between  thermometer  and 
pressure  gauge. 

The  foregoing  theoretical  discussion  of  the  behavior  of  mixes  of  steam 
and  air  in  transferring  heat  to  containers  of  food  provides  a  background 
for  the  explanation  that  is  offered  under  case  4  of  a  characteristic  of 
heating  which  is  a  cause  of  concern  to  workers  in  the  field  of  process 
determination.  This  characteristic  is  manifested  through  an  abrupt 
change  in  the  rate  of  increase  of  temperature  within  a  container  of  food 
where  there  is  no  apparent  change  in  the  procedure  of  applying  heat  to 
the  container.  A  heat-penetration  curve  in  such  a  case  is  known  as  a 
broken  heating  curve. 

Correct  Retort  Hook-ups  Depend  on  Adequate  Understanding  of 
Steam-and-air  Mixtures.  High-short  sterilization  is  here,  but  high-fre¬ 
quency  sterilization  has  not  yet  reached  the  stage  of  practicality.  Heating 
method  2c  (page  37)  is  the  method  universally  used  for  containers  that 
do  not  require  retort  pressure  greater  than  the  saturation  pressure  of 
steam  at  processing  temperature. 

Because  all  space  in  the  retort  not  occupied  by  containers,  crates,  etc., 
is  filled  with  air  before  steam  is  turned  into  the  retort,  there  is  a  degree 
of  nonuniformity  in  temperature  in  the  retort  until  all  of  the  air  is  expelled. 
For  this  reason  an  understanding  of  the  principles  pertaining  to  the 
behavior  of  air  and  steam  mixtures  is  vital  in  this  field  of  processing. 
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STEAM-PROCESS  ENGINEERING 
Equipment— Description  and  Maintenance 

Accepted  practice  in  venting  to  remove  air  irom  the  retort  was  desci  ibed 
on  pages  27-3 1 . 

The  required  instrument  equipment  of  still  retorts,  when  used  in 
processing  food  in  saturated  steam,  is  prescribed'  as  follows. 

Retort  Equipment.  Control  and  indicating  equipment  such  as  thermometers 
and  pressure  gauges  should  be  so  placed  with  respect  to  light  and  position  that 
they  are  easily  readable. 

For  proper  operation  each  retort  should  have  the  items  of  equipment  named 
below : 

Controller.  An  automatic  controller  to  maintain  accurately  the  temperature 
at  the  specified  point. 


Table  2.1.  Gage  Pressure  Corresponding  to  Specikied  Process 
Temperatures  at  Various  Altitudes 


Sea 


Feet  above  sea  level 


.Lump.,  r 

level 

500 

1,000 

2,000 

3,000 

4,000 

200 

205 

210 

0 

4 

0 

9 

1 

4 

212 

0 

0 

0 

2 

0 

5 

1 

0 

1 

5 

2 

0 

215 

0 

9 

1 

1 

1 

4 

1 

9 

2 

4 

2 

9 

220 

2 

5 

2 

7 

3 

0 

3 

4 

3 

9 

4 

4 

225 

4 

2 

4 

5 

4 

7 

5 

2 

5 

7 

6 

2 

230 

6 

1 

6 

3 

6 

6 

7 

1 

7 

6 

8 

0 

235 

8 

1 

8 

3 

8 

6 

9 

1 

9 

6 

10 

0 

240 

10 

3 

10 

5 

10 

8 

11 

3 

11 

7 

12 

2 

242 

11 

2 

11 

4 

11 

7 

12 

2 

12 

7 

13 

1 

245 

12 

6 

12 

9 

13 

1 

13 

6 

14 

1 

14 

6 

248 

14 

1 

14 

3 

14 

6 

15 

1 

15 

6 

16 

0 

250 

15 

1 

15 

4 

15 

6 

16 

1 

16 

6 

17 

1 

252 

16 

2 

16 

4 

16 

7 

17 

2 

17 

7 

18 

1 

255 

17 

8 

18 

1 

18 

3 

18 

8 

19 

3 

19 

8 

260 

20 

7 

21 

0 

21 

2 

21 

7 

22 

2 

22 

7 

5,000 

6,000 

. 

93 

3 

0 

5 

0 

9 

96 

1 

1 

8 

2 

3 

98 

9 

2 

4 

2 

9 

100 

0 

3 

3 

3 

8 

101 

7 

4 

9 

5 

3 

104 

4 

6 

6 

7 

1 

107 

2 

8 

5 

9 

0 

110 

0 

10 

5 

11 

0 

112 

8 

12 

7 

13 

1 

115 

6 

13 

6 

14 

1 

116 

7 

15 

0 

15 

5 

118 

3 

16 

5 

17 

0 

120 

0 

17 

5 

18 

0 

121 

1 

18 

6 

19 

1 

122 

2 

20 

2 

20 

7 

123 

9 

23 

1 

23 

6 

126 

7 

Temp.,  °C 


Indicating  Mercury-in-glass  Thermometer.  This  thermometer  should  have  a 
temperature  range  of  not  more  than  100°F.,  for  example,  170°F.  to  270°F.  and 
the  scale  divisions  should  be  of  either  one  degree  or  two  degrees  each— never 
greater  than  two  degrees.  The  temperature  scale  of  the  indicating  thermometer 
*  In  NCA  Bull.  26-L  [56]. 
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should  be  at  least  7  inches  in  length,  and  the  thermometer  should  have  a  pressure 
scale  corresponding  to  the  temperature  scale  at  the  altitude  above  sea  level  at 
which  the  retort  is  located.  The  relation  between  the  temperature  and  pressure 
scales  at  various  altitudes  is  given  in  Table  2.1.  The  pressure  scales  of  all  ther¬ 
mometers  should  be  adjusted  in  correspondence  with  these  data. 

Bulbs  of  indicating  thermometers  may  be  installed  within  the  retort  shell  or 
in  external  wells  attached  to  the  retort.  External  wells  should  communicate 

with  the  principal  chamber  of  the  retort  through  openings 
having  an  area  not  less  than  that  of  a  circle  of  %-inch 
diameter.  All  external  wells  or  pipes  must  be  equipped 
with  at  least  3T 6-inch  bleeders  so  located  as  to  provide  a 
full  flow  of  steam  past  the  entire  length  of  the  thermometer 
bulb.  The  bleeder  should  emit  steam  continuously  and 
freely  during  the  processing  period.  A  suitable  ther¬ 
mometer  well  is  shown  in  Fig.  2.3a.  If  containers  are 
processed  under  water,  the  hemispherical  well  shown  in 
Bulletin  30-L  should  be  used. 

Recording  Thermometer.  The  chart  should  be  easily 
readable  to  1°F.  and  should  be  graduated  in  not  to  exceed 
2°F.  divisions  within  the  range  of  plus  or  minus  10°F.  of 
the  process  holding  temperature  used.  All  charts  should 
have  a  working  scale  of  not  less  than  3  inches.  The  bulb 
may  be  installed  within  the  retort  shell  or  in  a  thermometer 
well  attached  to  the  shell.  This  well  should  be  capable  of 
accommodating  both  the  recording  bulb  and  a  mercury-in¬ 
glass  thermometer. 

Pressure  Gauge.  The  pressure  gauge  should  be  gradu¬ 
ated  in  1-pound  divisions,  and  have  a  range  to  30  pounds. 
The  minimum  diameter  of  the  dial  should  be  inches 
and  the  gauge  should  preferably  be  of  a  type  in  which  the 
operating  mechanism  is  independent  of  the  case.  Com¬ 
pound  type  gauges,  having  both  vacuum  and  pressure 
scales,  are  advantageous.  The  gauge  should  be  connected 
to  the  retort  by  means  of  a  gauge  siphon  or  goose  neck. 


Fig.  2.3a.  Cross-sec¬ 
tional  diagram  of 
wedge,  or  conical, 
“patch ’’-type  ther¬ 
mometer  pocket  for 
retort  used  in  steam 
processing.  ( Na¬ 
tional  C  anner  s' 
Assoc.) 


For  pressure  cooling  of  the  cans,  a  retort  should  be 
equipped  to  receive  either  compressed  air  or  steam  in  the  upper  part  of  the 
retort  to  maintain  pressure  on  the  containers  at  a  desired  point  after  steam 
supply  at  the  bottom  has  been  cut  off  and  while  the  retort  is  being  filled 
with  water.  If  steam  enters  at  the  top  to  maintain  the  pressure,  the 


cooling  water  must  enter  at  the  bottom  of  the  retort  into  a  layer  of  water 
which  is  at  the  temperature  of  the  cans  and  which  was  present  in  the 
retort  during  the  process.  If  air  is  used  to  maintain  the  pressure,  the 
point  at  which  cooling  water  enters  may  be  at  any  elevation  between  the 
top  and  bottom  of  the  retort  and  the  water  may  spray  over  the  cans  if 
desired. 
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Figures  2.36,  2.3c,  and  2.4  are  schematic  drawings  of  commonly  used 
hook-ups  for  vertical  and  horizontal  retorts,  employed  for  processing  in 

steam,  with  pressure  cooling  using  air. 

We  return  to  NCA  Bull.  2C-L  [56]  for  further  advice  in  steam-process 

engineering. 


Fig.  2.36.  Hookup  for  vertical  retort  employed  for  processing  in  steam  with  pressure 
cooling,  using  air — steam  entrance  at  top.  ( A  merican  Can  Co.) 


Processing  equipment  should  be  maintained  in  a  satisfactory  operating  condi¬ 
tion.  Safety  valves  should  be  tested  frequently.  Instruments  (gauges,  ther¬ 
mometers,  recorders)  should  be  checked  for  accuracy  at  least  once  a  year.  Water 

valves  and  compressed  air  valves,  especially  the  latter,  should  be  checked  fre¬ 
quently  for  leaks. 

Before  each  operating  season  and  after  any  considerable  idle  period,  the  entire 
retort  hook-up  should  be  examined  carefully,  and  each  retort  should  be  brought 
to  processing  temperature  (without  a  load)  to  test  the  steam  line  for  leaks  to 
check  the  vents,  and  to  test  the  instruments  and  control  equipment  for  proper 
operation  and  accurate  recording.  Never  introduce  water  into  an  empty  retort 
after  testing  until  the  pressure  has  been  released. 


—  Bleed 


Fig.  2.3c.  Hookup  for  vertical  retort  employed  for  processing  in  steam  with  pressure 
cooling,  using  air — steam  entrance  at  bottom.  ( American  Can  Co.) 


Fig.  2.4.  Hookup  for  horizontal  retort  employed  for  processing  in  steam  with  pressure 
cooling,  using  steam-injected  air.  ( American  Can  Co.) 
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Procedure 


All  cans  should  be  so  closed  and  processed  that  the  ends  will  remain  concave 
under  all  commercial  storage  conditions  regardless  of  temperature  and  altitude. 
To  satisfy  such  conditions,  commercial  experience  has  indicated  that  with  prod¬ 
ucts  packed  in  brine  without  steam  flow  or  mechanical  vacuum  closure,  the  aver¬ 
age  temperature  (temperature  of  the  contents  of  the  can  after  thorough  mixing) 
of  the  contents  of  each  can  at  the  time  of  closure  should  be  at  least  130°F.  Cans 
of  large  diameter  may  require  a  much  higher  closing  temperature  to  prevent  dis¬ 
tortion  of  the  ends  during  processing.  For  many  products,  a  higher  vacuum  than 
that  obtained  from  having  an  average  closing  temperature  of  130°F.  will  be  neces¬ 
sary  in  order  to  maintain  the  canned  product  in  good  condition.  .  .  . 

All  containers  should  be  coded  by  marks  to  identify  the  time  of  packing.  The 
time  period  during  which  each  code  lot  is  packed  should  be  as  short  as  practicable 
— in  no  case  longer  than  one  day.  Strict  adherence  to  this  rule  has  proved  to  be 
good  economy.  .  .  . 

A  long  holding  period  between  filling  and  closing  or  between  closing  and  retort¬ 
ing  cans  may  result  in  souring,  off-flavor,  and  loss  of  vacuum.  Depending  upon 
the  nature  of  the  product,  processing  should  follow  within  one-half  to  one  hour 
after  closure.  If  longer  times  are  required  to  obtain  enough  cans  to  fill  a  retort, 
processing  of  partial  retort  loads  should  be  practiced. 

Heat  penetration  in  canned  food  containing  freely  flowing  liquid  is  mainly  by 
convection  currents.  The  general  trend  of  these  currents  is  in  a  vertical  direc¬ 
tion,  consequently  in  the  product  being  heated  they  seek  channels  which  permit 
such  motion.  Where  their  progress  is  impeded  or  baffled  by  solid  material,  the 
currents  flow  around  the  obstruction  to  the  nearest  point  at  which  they  can  pass. 
For  this  reason  the  alignment  of  certain  foods  in  the  can  is  of  the  greatest  impor¬ 
tance  as  regards  heat  penetration. 

Where  the  packing  or  filling  of  any  product  in  the  can  results  in  stratification, 
the  cans  should  be  processed  in  such  position  that  the  plane  of  stratification  is 
vertical.  In  the  case  of  asparagus,  for  example,  the  spears  are  generally  parallel 
and  tightly  packed  in  the  cans  in  a  vertical  position,  so  that  the  channels  contain- 
ing  liquid  are  parallel  to  the  spears.  As  a  result,  the  speed  of  heat  penetration  is 
greater  when  the  cans  are  placed  upright  in  the  retort. 

Another  example  is  spinach.  In  No.  10  cans  especially,  the  spinach  is  placed 
in  more  or  less  horizontal  layers.  Convection  currents,  therefore,  travel  to  the 

center  of  the  cans  faster  when  the  cans  are  processed  on  their  sides  than  when  in 
a  vertical  position. 


Products  such  as  peas  and  cut  green  beans  consist  of  small  solid  bodies,  fairly 
uniform  in  size  and  evenly  distributed  throughout  a  liquid  medium;  consequently 

the  rate  of  heat  penetration  is  little  influenced  by  the  position  of  the  cans  in  the 
retort. 

The  term  "initial  temperature"  as  used  herein  designates  the  average  tem¬ 
perature  of  the  can  contents  at  the  time  steam  is  turned  on  for  the  process  Just 
pnor  to  the  start  of  the  process,  the  contents  of  the  container  used  for  checkin.. 

mined  UwmPer;ltUrC  1*  Shake"  °r  Stirre''  and  the  temperature  deter- 

ned.  This  container  should  be  representative  of  the  coldest  cans  in  the  retort 
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load  and  should  have  an  initial  temperature  equal  to  or  greater  than  the  initial 
temperature  specified  in  this  bulletin.  The  specified  initial  temperature  is  to  be 
regarded  as  a  prerequisite  minimum  of  the  process  suggested.  If  a  can  is  closed 
at  a  temperature  higher  than  that  of  the  canning  room  atmosphere  and  is  then 
held  for  some  time  in  a  room  before  it  is  processed,  the  contents  will  cool  but  the 
temperature  at  the  center  of  the  can  may  not  be  appreciably  less  than  the  closing 
temperature.  It  is  for  this  reason  that,  from  the  standpoint  of  sterilization,  the 
contents  of  a  container  should  be  stirred  or  shaken  and  the  initial  average  tem¬ 
perature  determined  just  prior  to  the  start  of  the  process. 

“Initial  temperature”  should  not  be  confused  with  “closing  temperature.” 
Except  when  vacuum  packing  or  steam  flow  closure  is  practiced,  the  closing  tem¬ 
perature  is  the  major  factor  influencing  the  final  vacuum  obtained  in  the  cans 
and  is  an  important  consideration  in  preventing  undue  can  strain  or  damage  dur¬ 
ing  processing  and  cooling  and  in  avoiding  development  of  flippers.  The  closing 
temperature  must  be  sufficiently  high  to  satisfy  these  needs,  and  this  will,  in 
many  instances,  result  in  initial  temperatures  considerably  above  the  minimum 
specified  as  a  prerequisite  to  the  process  listed. 

At  the  time  the  steam  is  turned  on,  all  bleeders  and  all  valve-controlled  vents 
should  be  wide  open.  All  bleeders  should  be  left  open  during  the  processing 
period. 

The  valve-controlled  vents  should  be  left  open  for  a  sufficient  time  after  steam 
is  turned  on  to  ensure  that  all  air  is  swept  out  of  the  retort,  so  that  no  “pockets” 
of  air  remain  among  the  cans.  There  is  a  tendency  for  steam  to  by-pass  the  load 
of  cans  and  to  escape  through  the  vents  before  all  air  has  been  driven  from  the 
stacks  of  cans.  On  pages  27-31  are  the  venting  specifications  designed  to  provide 
for  satisfactory  operations. 

An  air-steam  mixture  in  the  retort  will  cause  a  non-uniform  heat  distribution, 
resulting  in  a  lowering  of  the  rate  of  heat  transfer  to  the  containers.  The  timing 
of  the  process  should  not  begin,  even  though  the  proper  temperature  is  indicated, 
until  temperature  and  pressure  instruments  on  the  retort  give  corresponding 
readings  [see  Table  2.1], 

Lack  of  agreement  between  temperature  and  pressure  instruments  is  an  indica¬ 
tion  of  the  presence  of  air  in  the  retort.  However,  if  proper  venting  procedure 
is  not  followed,  there  can  be  a  “pocket”  containing  air  in  a  region  of  the  retort 
that  is  remote  from  the  thermometer,  and  the  presence  of  this  “air  pocket”  may 
not  be  indicated  by  a  detectable  disagreement  between  the  temperature  and  pres¬ 
sure  indications. 

There  is  a  minimum  limit  for  the  coming-up  time  because  of  the  necessity  for 
removing  the  air  from  the  retort  by  venting  during  this  period.  When  venting 
is  inadequate  for  rapid  removal  of  the  air,  the  use  of  a  very  short  coming-up  time 
is  likely  to  result  in  an  unsterilized  product.  A  coming-up  time  shorter  than  the 
minimum  for  which  the  retort  has  been  demonstrated  to  give  satisfactory  results 
with  its  existing  hook-up  and  specified  operating  technique  should  not  be  used. 

With  some  vacuum-packed  products,  it  is  advisable  to  heat  the  cans  suffi¬ 
ciently  to  dissipate  the  internal  vacuum  before  the  pressure  in  the  retort  is  per¬ 
mitted  to  become  greater  than  two  pounds,  otherwise  the  cans  may  panel  or  even 
collapse. 
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The  quality  of  most  products  will  be  least  affected  by  the  process  if  the  retorts 
ire  brought  to  processing  temperature  quickly  and  the  process  is  followed  by 
prompt  and  rapid  cooling.  (Some  vacuum-packed  products  are  an  exception 
for  the  reason  given  above.)  This  procedure  not  only  protects  the  quality  of 
the  product  but  also  shortens  the  total  time  required  for  each  processing  cycle 
and  so  affects  time  economy  in  the  use  of  the  retorts.  It  applies  to  all  pro¬ 
cessing  temperatures  and  is  especially  important  when  the  tempeiatuie  is 
above  240°F.  .  .  . 

For  a  product  having  rapid  heat  penetration,  very  short  processes  at  compara¬ 
tively  high  temperatures  are  sometimes  used.  It  is  especially  important  that 
such  processes  have  the  most  careful  control.  An  error  in  either  time  or  tem¬ 
perature  in  a  short  high  temperature  process  will  have  a  much  greater  effect  upon 
the  total  sterilizing  value  of  a  process  than  a  like  error  will  have  in  a  longer  proc¬ 
ess  at  a  lower  temperature. 

The  sterilizing  of  low-acid  products  in  boiling  water  is  impracticable  without 
controlled  acidification  procedures.  Without  acidification  continuous  boiling  for 
over  ten  hours  is  necessary  to  secure  a  sterilizing  efficiency  equivalent  to  that  of 
the  processes  listed  in  this  bulletin. 

The  duration  of  the  water-cooling  period  should  be  sufficient  to  bring  the  aver¬ 
age  temperature  of  the  contents  to  100°F.,  but  water  cooling  should  not  be  con¬ 
tinued  to  the  point  where  external  rusting  of  the  container  may  occur.  In  humid 
locations  water  cooling  to  a  temperature  of  100°F.  may  lead  to  external  rusting. 
In  that  case,  water  cooling  should  be  carried  to  approximately  120°F.  and  the 
cans  subsequently  air  cooled  before  they  are  put  into  storage.  When  cans  whose 
contents  are  at  temperatures  substantially  above  120°F.  are  stacked  closely 
together,  and  especially  if  they  are  sealed  in  fiber  cases,  they  cool  so  slowly  that 
spoilage  by  thermophilic  bacteria  and  injury  by  heat  to  the  quality  of  the  prod¬ 
uct  (stack-burn)  may  occur. 

If  the  capacity  of  the  water-cooling  equipment  is  inadequate,  or  if  a  shortage 
of  water  is  experienced,  the  cans  should  be  so  stacked  that  they  will  air  cool 
rapidly.  Air  cooling  is  sometimes  used  for  products  such  as  hominy  in  order  to 
effect  a  proper  swelling  of  the  product.  It  is  suggested  that  the  cans  be  stacked 
on  their  sides  in  single  rows,  allowing  space  for  air  circulation  between  the  rows. 
The  stacks  should  be  arranged  parallel  to  the  cross  ventilation  of  the  warehouse. 
Careful  attention  to  the  factors  affecting  air  circulation  may  serve  to  prevent 
retarded  cooling  and  to  safeguard  against  spoilage  by  thermophilic  bacteria. 

Precautions  in  Processing 

The  following  special  precautions*  are  helpful  in  ensuring  good  results 
in  processing. 

Unless  some  acidification  procedure  is  followed,  sterilization  of  certain  low-acid 
foods  by  heat  produces  unmerchantable  products.  Notable  examples  are  Globe 
artichokes,  onions,  and  green  peppers.  A  health  hazard  is  involved  in  the  case 
of  insufficient  acidification.  Under  proper  control  such  products  may  be  acidi- 


*  Quoted  from  NCA  Bull.  26-L  [56], 
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fied  to  the  point  where  they  are  no  longer  low-acid  and  then  be  processed  in  boil¬ 
ing  water.  However,  this  procedure  should  not  be  followed  without  consulting  a 
laboratory  connected  with  the  canning  industry.  Experience  has  shown  that 
careful  supervision  of  all  details,  particularly  the  blanch,  fill,  and  brine,  is  essen¬ 
tial  when  acidification  is  included  in  the  processing  procedure.  .  . 

In  order  to  minimize  the  possibility  of  mistakes  and  reduce  the  danger  of 
unprocessed  or  underprocessed  cans  reaching  the  warehouse,  it  is  recommended 
that: 

(1)  Processes  for  all  products  being  packed  be  posted  in  a  conspicuous  place 
near  the  retorts. 

(2)  All  baskets,  trucks,  cars,  or  crates  containing  unretorted  material  be  plainly 
and  conspicuously  marked.  If  several  products  are  being  packed  at  the  same 
time,  each  product  should  also  be  plainly  indicated. 

(3)  A  distinctive  marker  be  hung  from  the  retort  opening  when  the  retort  holds 
unprocessed  cans.  It  should  be  so  placed  that  the  door  or  lid  cannot  be  closed 
before  the  marker  is  removed. 

(4)  A  retort  not  be  closed  until  the  operator  indicates  that  he  is  ready  to  start 
the  process. 

(5)  Cans  of  unknown  status  with  regard  to  process  and  found  on  the  cook  room 
floor  be  picked  up  periodically,  punctured,  and  thrown  out. 

(6)  Adequate  precautions  be  taken  to  clear  exhaust  boxes  and  precookers  of 
all  cans  at  the  end  of  each  day’s  operations.  .  .  . 

The  installation  of  many  of  the  newer  labor  saving  devices  for  handling  filled 
cans  has  introduced  certain  hazards  which,  if  not  minimized,  may  result  in  some 
spoilage  with  the  best  possible  double-seam  construction.  Before  the  cans  are 
thoroughly  cooled,  the  seams  are  slightly  expanded  and  the  compound  lining  is 
somewhat  soft  or  plastic.  In  addition  to  the  usual  attention  to  good  seam  con¬ 
struction,  precautions  must  be  taken  in  handling  the  cans  before  they  are  thor¬ 
oughly  cooled  to  prevent  even  small  dents  on,  or  near,  the  double-seams.  This 
involves  elimination  of  fast  run-ways  with  sharp  turns  and  abrupt  stops  for 
handling  filled  cans  both  before  and  after  processing.  Care  should  also  be  taken 
to  avoid  conditions  which  would  strain  the  seams  during  the  processing  or  cool¬ 
ing;  e.g.,  excessive  holding  time  of  unprocessed  cans,  inadequate  exhausting  or 
too  rapid  release  of  pressure  during  cooling.  In  cooling  under  pressure,  particu¬ 
lar  attention  must  be  paid  to  the  magnitude  of  the  pressure  and  the  length  of 
time  it  is  maintained  since  the  greater  the  differential  pressure  between  the  inside 
and  the  outside  of  the  can,  the  greater  the  tendency  toward  forcing  minute  quan¬ 
tities  of  the  cooling  water  into  the  can  during  this  critical  period.  Bacterial  con¬ 
tent  of  cooling  water  should  be  kept  as  low  as  possible  since  the  spoilage  hazard 
is  reduced  in  proportion  to  the  number  of  microorganisms  present. 


WATER  PROCESSING 

Heating  method  2 d  (page  37)  is  the  accepted  method  for  processing 
containers  that  require  retort  pressure  greater  than  the  saturation  pres¬ 
sure  of  steam  at  the  processing  temperature.  These  include  glass  con- 
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tainers  in  general  because  the  strength  of  the  grip  ol  container  covers  onto 
the  glass  containers  is  not  sufficient  to  resist  the  force  of  the  internal  pres¬ 
sure  during  the  process.  This  tends  to  remove  the  covers  unless  external 
pressure  is  greater  than  the  saturation  pressure  of  the  steam.  Pressure 
above  saturated  steam  pressure  at  the  water  temperature  is  provided  by 
compressed  air  in  the  headspace  of  the  retort. 

In  this  method  of  processing,  all  containers  are  immersed  in  water  that 
is  kept  in  agitation  to  give  good  distribution  of  temperature  throughout 
the  retort  during  all  stages  of  the  process — even  a  better  distribution 
during  the  coming-up  and  cooling  periods  than  is  obtained  in  the  all-steam 
process. 

Even  though  heating  of  containers  by  water  does  not  involve  the 
transfer  of  energy  from  latent  heat,  the  rate  of  heating  is  essentially  as 
great  as  that  by  saturated  steam  because  the  concentration  of  water 
molecules,  from  which  energy  is  transferred,  is  very  high  compared  to 
the  concentration  of  molecules  in  steam  or  air. 


WATER-PROCESS  ENGINEERING 
Equipment — Description  and  Maintenance 

Accepted  means  of  producing  satisfactory  temperature  distribution  in 
water  processing  are  described  on  pages  31-34. 

The  required  equipment  of  still  retorts,  when  used  in  processing  food  in 
water,  is  prescribed*  as  follows: 


For  proper  operation,  each  retort  should  have  the  following  items  of  equipment: 
Thermometer  Pocket.  The  thermometer  pocket  or  well  should: 

(а)  Preferably  be  of  the  hemisphere  type,  having  a  minimum  diameter  open¬ 
ing  into  the  retort  wall  of  9  inches.  See  Fig.  2.5. 

(б)  If  of  the  rectangular  type,  have  a  minimum  opening  into  the  retort  wall  of 
8  inches  by  8  inches. 

(c)  Be  designed  with  a  depth  of  4  inches  or  more. 

(d)  Have  a  provision  for  the  pressure  gauge  in  the  same  pocket  as  the  ther¬ 
mometer.  See  Fig.  2.5. 


Temperature  Control  and  Indicating  Equipment.  Adequate  automatic  con¬ 
trols  are  essential.  Manual  control  of  temperature  is  not  recommended  because 
the  possibility  of  error  is  too  great. 


Control  and  indicating  equipment,  such  as  thermometers  and  pressure  gauges 
should  be  so  placed  with  respect  to  light  and  position  that  they  are  easily  readable’ 
a.  Indicating  Mercury -in-glass  Thermometer.  The  thermometer  should  have  a 
temperature  range  of  not  more  than  100°F.,  for  example,  170°F  to  270°F  and 
the  scale  division  should  be  of  either  one  degree  or  two  degrees  each-never 
greater  than  two  degrees.  The  temperature  scale  of  the  indicating  thermometer 


*  In  NCA  Bull.  30-L  [57]. 
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should  be  at  least  7  inches  in  length.  A  second  thermometer  covering  the  cool¬ 
ing  range  is  also  advisable. 

The  thermometer  bulbs  should  be  located  in  such  a  position  that  they  are 
beneath  the  surface  of  the  water  throughout  the  process.  On  horizontal  retorts, 
it  is  desirable  that  this  entry  be  made  in  the  side  at  the  center.  The  thermometer 
bulbs  should  be  inserted  directly  into  the  shell. 

b.  Recording  Temperature  Indicator.  The  chart  should  be  easily  readable  to 
1°F.  and  should  be  graduated  in  not  to  exceed  2°F.  divisions  within  the  range  of 
plus  and  minus  10°F.  of  the  process  holding  temperature  used.  All  charts  should 


Fig.  2.5.  Hookup  for  vertical  retort  employed  for  processing  containers  in  water. 
Refer  to  Fig.  2.6  for  key.  ( National  Canners’  Assoc.) 

have  a  working  scale  of  not  less  than  3  inches.  The  bulbs  for  these  thermometers 
should  be  located  adjacent  to  the  bulb  of  the  mercury  thermometer,  except  in  the 
case  of  a  vertical  retort  equipped  with  a  combination  controller-recorder. 

Location  of  Temperature  Control  Bulb.  In  vertical  retorts,  the  temperature 
control  bulb  should  be  located  at  the  bottom  of  the  retort  below  the  lowest  crate 
rest,  in  such  a  position  that  the  steam  does  not  strike  it  directly:  such  as  in  a 
“dead”  quadrant  [described  under  Steam  Introduction  on  page  31].  In  hori¬ 
zontal  retorts,  the  temperature  control  bulb  should  be  located  between  the  water 
surface  and  the  horizontal  plane  passing  through  the  center  of  the  retort,  so  that 
there  is  no  opportunity  for  direct  steam  impingement  upon  the  control  bulb. 

Pressure  Control  and  Indicating  Equipment.  Adequate  automatic  controls 
are  essential.  Manual  control  of  pressure  is  not  recommended  because  the  pos¬ 
sibility  of  error  is  too  great. 

a.  Water  level  and  Pressure  Controller.  The  top  layer  of  jars  should  be  covered 
with  about  6  inches  of  water,  and  the  overflow  located  accordingly.  The  open¬ 
ing  of  the  overflow  should  be  larger  than  the  water  supply  line.  An  adjustable 


PROCESSING  FOOD  FOR  STERILIZATION 


pressure  relief,  or  control,  valve  should  be  installed  in  the  overflow  line  of  a  capac¬ 
ity  sufficient  to  prevent  increase  in  retort  pressure  when  the  water  valve  is  wide 

open. 

6.  Indicating  Pressure  Gauge.  The  pressure  gauge  should  be  graduated  ml  or 
2  psi.  divisions  and  have  a  range  of  0  to  30,  or  0  to  GO  psi.  The  minimum  diam¬ 
eter  of  the  dial  should  be  4H  inches  and  the  gauge  should  preferably  be  of  a  type 
in  which  the  operating  mechanism  is  independent  of  the  case.  The  gauge  should 
be  connected  to  the  retort  by  means  of  a  gauge  siphon  or  gooseneck.  In  a  ver¬ 
tical  retort,  the  gauge  should  be  located  at  the  thermometer  pocket.  In  a 
horizontal  retort,  the  gauge  may  be  either  in  this  position  or  at  the  top  of  the 
retort.  .  .  . 

Door  or  Lid-securing  Devices  and  Gaskets.  Before  subjecting  the  retort  to  pres¬ 
sure,  the  door  or  lid-securing  devices  should  be  examined  carefully  and  worn 
parts  replaced.  The  gasket  should  be  checked  to  make  sure  it  is  tight  and  in 
good  condition.  For  vertical  retorts,  it  is  recommended  that  not  less  than  8  wing 
nuts  per  retort  be  used.  Consult  the  American  Society  of  Mechanical  Engineers, 
29  West  39th  Street,  New  York  18,  New  York,  Code  for  Non-Fired  Pressure  Ves¬ 
sels.  For  details  regarding  the  ASME  Code,  see  “Accident  Prevention  Manual 
for  Industrial  Operations,”  Section  4,  Pressure  Vessels,  published  by  the  National 
Safety  Council,  Inc.,  425  N.  Michigan  Ave.,  Chicago  1 1,  Illinois.  Section  4  may 
be  obtained  as  a  separate  reprint. 

Safety  Valve.  A  safety  blow-off  valve  of  at  least  2-inch  size,  should  be  pro¬ 
vided,  separate  from  the  overflow  and  located  above  the  water  level.  On  ver¬ 
tical  retorts,  this  should  be  a  side  connection  with  piped  outlet.  The  safety 
valves  should  comply  in  capacity  with  local  safety  codes  or  the  A.S.M.E.  Code 
for  Unfired  Pressure  Vessels. 

By-pass  Valves.  All  automatic  control  valves  should  have  manually  operated 
by-pass  valves. 

Steam  and  Air  Valves.  There  should  be  a  manually  operated  valve  before  and 
after  each  steam  and  air  control  valve. 

Drain  Valve.  Because  of  the  importance  of  maintaining  the  water  level  and 
preventing  leakage,  a  125  psi.,  non-clogging,  water-tight  valve  is  required. 

Crate  Supports.  Lugs,  tracks,  or  a  saddle  type  support  should  be  used.  A 
ring  is  also  satisfactory  for  vertical  retorts.  In  no  case  should  baffle  plates  be 
used.  .  .  . 


Temperature  Controls.  The  steam  valve  arrangement  should  consist  of  an 
automatic  air  pressure-to-open  valve  or  valves.  .  .  . 

Hot  Water  Supply.  It  is  advisable  to  have  a  hot  water  supply  for  filling 
retorts  in  order  to  reduce  come-up  times  and  avoid  thermal  shock.  A  steam 
heated  storage  tank  equipped  with  temperature  controller  and  thermometer 
should  be  provided,  into  which  hot  water  from  cooling  retorts  can  be  discharged 
and  saved  for  the  next  cook.  The  hot  water  outlet  of  the  tank  should  be  con¬ 
nected  to  the  retort  circulating  system  on  the  suction  side,  so  that  the  circulating 
pump  can  be  used  to  pump  the  water  from  the  tank  into  the  retort. 

Retort  Headspace.  The  amount  of  headspace  necessary  varies  with  the  diam- 
eter  of  the  retort.  In  general,  it  may  be  said  that  the  water  level  should  not  be 
above  the  bottom  of  the  water  spreader.  . 
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Maintenance  of  Equipment.  Processing  equipment  should  be  maintained  in 
a  satisfactory  operating  condition.  The  condition  of  the  openings  in  the  steam 
distribution  system  should  be  ascertained  periodically  to  ensure  continued  effi¬ 
ciency.  If  a  steam  cross  is  used  in  a  vertical  retort,  the  position  of  the  cross 
should  be  checked  at  intervals  to  see  that  the  steam  openings  have  not  changed 
position  relative  to  the  bulb  of  the  temperature  controller,  which  should  be  in 
a  “dead”  location.  Safety  valves  should  be  tested  frequently.  Instruments 
(gauges,  thermometers,  recorders)  should  be  checked  for  accuracy  at  least  once 
a  year.  Water  valves  and  compressed  air  valves,  especially  the  latter,  should  be 
checked  frequently  for  leaks. 

Before  each  operating  season  and  after  any  considerable  idle  period,  the  entire 
retort  hook-up  should  be  examined  carefully,  and  each  retort  should  be  brought 
to  processing  temperature  (without  a  load)  to  test  the  system  for  leaks  and  to 
test  the  instruments  and  control  equipment  for  proper  operation  and  accurate 
recording.  .  .  . 

At  the  start  of  each  packing  season,  the  retort  should  be  submitted  to  a  hydrostatic 
pressure  test  at  1+5  psi.  pressure.  .  .  . 

Procedure 

The  glass  containers  indicated  in  this  bulletin  [57]  are  those  sealed  with  friction 
type  metal  closures,  which  are  not  intended  to  hold  internal  pressure.  The  proc¬ 
essing  of  the  closed  jars  is  effected  in  water  filled  retorts,  with  a  top  cushion  of  air 
under  pressure  to  hold  the  closures  in  hermetic  seal  throughout  the  retort  cycle. 

The  headspace  for  most  products  should  be  not  less  than  6%  of  the  container 
volume  (measured  at  the  sealing  temperature)  for  cooks  in  the  range  of  240  to 
250°F.  Unless  the  product  temperature  is  very  high,  less  headspace  will  not 
allow  sufficient  space  for  expansion  of  the  contents  of  the  sealed  container  and  as 
a  result  the  closure  may  be  displaced. 

The  following  measurements  will  provide  adequate  headspace  under  usual 


conditions : 

Headspace  from  Top  of  Finish,  In. 

Container  ( Volume  in  No  Case  Less  Than  6%  of  Jar  Capacity) 

Baby  jar . 

Junior  jar . 

No.  303  jar .  % 

No.  jar .  J{6 


For  most  products,  the  temperature  at  the  time  of  sealing  must  be  above  130°F. 
Lower  sealing  temperatures  require  larger  headspaces  than  those  listed  above  to 
accommodate  product  expansion. 

In  general,  retort  operating  pressure  should  be  28  to  30  psi.  for  cooks  in  the 
temperature  range  of  240-250°F. 

Figures  2.5  and  2.6  are  schematic  drawings*  of  recommended  hook-up 
for  vertical  and  horizontal  retorts,  respectively,  employed  for  processing 
containers  in  water. 


*From  NCA  Bull.  30-L  [57], 
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The  following  additional  advice*  is  helpful  in  ensuring  good  results  in 
irocessing  glass  containers: 

Coding.  All  containers  should  be  coded  by  marks  to  identify  the  time  of  pax  k- 
ig.  The  time  period  during  which  each  code  lot  is  packed  should  be  as  short  as 
iracticable — in  no  case  longer  than  one  day.  Strict  adherence  to  this  rule  has 
iroved  to  be  good  economy.  Embossing  code  marks  in  metal  closures  i£  undesir- 
,ble  because  of  the  possibility  of  corrosion.  It  is  preferable  that  closure  coding 
»e  done  with  ink.  .  .  . 


v 


Tg.  2.6.  Hookup  for  horizontal  retort  employed  for  processing  containers  in  water, 
tasic  requirements  for  horizontal  retorts  used  in  processing  glass:  (A)  water  line, 
B)  steam  line,  (C)  temperature  control,  (D)  overflow  line,  ( E )  drain  line,  (F)  check 
ralves,  ( G )  line  from  hot-water  storage,  ( H )  suction  line  and  manifold,  (/)  circulating 
mmp,  (J)  petcocks,  (K)  recirculating  line,  (L)  steam  distributor,  (M)  temperature- 
ontroller  bulb,  (N)  thermometer,  (0)  water  spreader,  (P)  safety  valve,  (Q)  vent 
alve,  (P)  pressure  gauge,  ( S )  inlet  air  control,  ( T )  pressure  control,  (U)  air  line, 
F)  to  pressure-control  instrument,  (IF)  to  temperature-control  instrument,  ( X )  wing 
nits— 8  required,  (7)  crate  support,  ( Z ,)  constant  flow  orifice  valve  used  during  come- 
ip,  (Z2)  constant  flow  orifice  valve  used  during  cook.  Items  (X)  to  (Zo)— see  Fie 
J.5.  ( National  Canners’  Assoc.) 


Rapid  Handling  and  Prompt  Retorting  of  Filled  Jars.  A  long  holding  period 
letween  filling  and  sealing  or  between  sealing  and  retorting  jars  may  result  in 
ounng,  off-flavor,  and  loss  of  vacuum.  Processing  should  follow  within  one-half 
lour  after  sealing.  If  longer  times  are  required  to  obtain  enough  jars  to  fill  a 
etort,  processing  of  partial  retort  loads  should  be  practiced. 

Initial  Temperature.  The  term  “initial  temperature”  as  used  herein  desig¬ 
nates  the  average  temperature  of  the  jar  contents  at  the  time  steam  is  turned  on 
r  ie  piocess.  Just  prior  to  the  start  of  the  process,  the  contents  of  the  con¬ 
tainer  used  for  checking  the  initial  temperature  should  be  shaken  or  stirred  and 
*  From  NCA  Bull.  30-L  [57], 
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the  temperature  determined.  This  container  should  be  representative  of  the 
coldest  jars  in  the  retort  load  and  should  have  an  initial  temperature  equal  to  or 
greater  than  the  initial  temperature  specified  in  this  bulletin.  The  specified  ini¬ 
tial  temperature  is  to  be  regarded  as  a  prerequisite  minimum  of  the  process 
suggested. 

Where  no  initial  temperature  is  specified  in  the  tables,  it  is  understood  that  this 
is  not  important  between  commercial  limits  such  as  130-170°F.  .  .  . 

Air  Pressure.  The  air  to  the  bottom  of  the  retort  must  be  turned  on  imme¬ 
diately  after  closing  the  retort  and  the  pressure  built  up  promptly  to  the  operat¬ 
ing  range.  The  steam  is  then  turned  on.  The  operating  pressure  must  be  main¬ 
tained  throughout  the  come-up,  process,  and  cool. 

Coming-up  Time.  Timing  of  the  process  should  not  begin  until  the  specified 
retort  temperature  has  been  reached  and  agreement  is  noted  between  the  record¬ 
ing  thermometer  and  the  mercury  thermometer. 

Cool.  At  the  end  of  the  specified  process  time,  the  steam  should  be  shut  off 
and  the  operating  pressure  maintained  with  air.  The  duration  of  the  water  cool¬ 
ing  period  either  in  the  retort  alone  or  in  combination  with  cooling  canals  or 
sprays  should  be  sufficient  to  bring  the  temperature  of  the  contents  to  an  aver¬ 
age  of  100°F.  Water  cooling  should  not  be  continued  to  the  point  where  exter¬ 
nal  rusting  of  the  container  closure  may  occur. 

Storage.  When  jars  whose  contents  are  at  temperatures  substantially  above 
100°F.  are  stacked  closely  together,  and  especially  if  they  are  sealed  in  fiber 
cases,  they  cool  so  slowly  that  spoilage  by  thermophilic  bacteria  and  injury  by 
heat  to  the  quality  of  the  product  (stack-burn)  may  occur.  Such  jars  should  be 
air  cooled  before  they  are  put  into  storage.  .  .  . 

Jar  Dimensions.  The  jar  sizes  are  given  in  the  nomenclature  usually  employed 
in  the  industry,  which  avoids  the  confusion  incident  to  conflicting  local  names. 

In  this  system,  the  jars  are  identified  by  a  statement  of  their  dimensions  (over¬ 
all  diameter  and  over-all  height).  Each  dimension  is  expressed  as  a  number  of 
three  digits.  The  left-hand  digit  gives  the  number  of  whole  inches,  while  the 
two  right-hand  digits  give  the  additional  fraction  of  the  dimension  expressed  as 
sixteenths  of  an  inch. 

The  first  number  given  in  the  size  of  each  jar  is  the  diameter,  and  the  second 
number  is  the  height.  For  example,  a  No.  2p£  jar,  designated  as  401  X  414,  is 
4Al6  inches  in  diameter  and  41Ai6  inches  in  height,  that  is,  within  manufactur¬ 
ing  tolerances. 

The  characteristics  of  the  common  sizes  of  glass  jars  covered  in  the  Process 
Tables  [571  are: 


Container 

Dimensions 

Approx,  overflow 
cap.,  fl.  oz. 

Baby  jar  . 

200  X  309 

5.0 

Junior  j ar . 

208  X  401 

8. 1 

No.  303  jar . 

Nn  <2\4>  iar . 

303  X  411 
401  X  414 

17.0 

28.4 

_ 
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In  those  cases  where  the  processes  apply  to  jars  other  than  those  listed  above, 
the  dimensions  are  indicated  under  the  respective  process  tables.  If  jars  having 
capacities  or  dimensions  not  listed  in  the  process  table  are  used,  consult  a  labora¬ 
tory  connected  with  the  canning  industry.  .  .  . 

Precautions  for  Handling  Glass  Jars 

Cdass  containers  can  be  damaged  by  excessive  mechanical  or  thermal  shocks. 
With  modern  high  speed  filling  lines,  particular  attention  should  be  directed 
ioward  eliminating: 

1.  Bruising  jars  by  abrupt  stops  or  careless  handling. 

2.  Scuffing  on  conveyors  or  transfer  points. 

3.  Excess  thermal  shock  during  filling,  processing,  or  cooling. 

The  damage  done  to  filled  containers  by  impacts  usually  is  greater  than  that 
;o  empty  containers  because  of  the  added  weight  of  the  contents. 

The  hermetic  seal  of  the  friction  closures  applied  to  the  jars  can  be  maintained 
)y  careful  attention  to: 

1.  Maximum  filling  temperature  of  product. 

2.  Adequate  headspace  in  the  glass  jar. 

3.  Correct  application  of  the  closure. 

4.  Proper  temperature  of  water  during  retort  loading. 

5.  Ample  counterpressure  in  retort  during  processing  and  particularly  during 
■ooling. 

6.  Proper  heat  distribution  in  the  retort. 

7.  Provision  for  ample  cooling  after  retorting. 


CYCLE  CONTROL 

The  controllers  of  the  retort  depicted  in  Figs.  2.3  to  2.6  maintain  a 
lxed  temperature  or  a  fixed  pressure  but  do  not  react  to  time,  nor  can 
hey  automatically  change  the  temperature  or  pressure.  A  cycle  con- 
roller,  however,  controls  the  retort  temperature,  pressure,  and  time. 
>uch  a  system  of  the  most  improved  type  can  be  used  to  regulate  every 
dep  of  a  process  in  steam  or  a  process  in  water,  either  with  or  without 
)ressure  cooling.  A  diagram  of  a  vertical  retort  hook-up  of  one  such 
lystem,  known  as  the  Taylor  Universal  Retort  Control  System  (mentioned 
m  page  35  of  this  chapter)  is  shown  in  Fig.  2.7a.  The  system,  with  this 
ook-up  will  carry  any  of  the  types  of  process  mentioned  above  through 
1  completion,  with  the  operator,  according  to  Taylor  Instrument 
companies  being  responsible  for  only  the  following  actions- 
1.  Sets  the  preheat  temperature  and  pushes  a  button. 

Foads  and  locks  the  retort. 

3.  Sets  the  cook  temperature  and  pushes  the  start  button 
W  t?  ret°rt  ^  the  e',d  °f  the  <*■*>  whe“  the  signal  light 
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A  fully  automatic  cycle  controller,  of  course,  requires  a  complex  elec¬ 
trical  hook-up.  The  wiring  of  the  Universal  Retort  Control  System  is 
shown  in  a  schematic  diagram  in  Fig.  2.7 b.  Figure  2.7 c  is  a  photograph 
of  a  part  of  a  battery  of  Universal  Retort  Control  Systems  in  the  plant 
of  a  well-known  meat-packing  company. 
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Components  of  Fio.  2.7 a 


Ref.  no. 

Part  no. 

Description 

1 

350RJ3 

Flex-O-Timer,  4-hr  cycle 

2 

251RU223 

Recording  temperature  and  pressure  controller 

3 

XSK 10571 

Ventrol  set  at  220°F  for  venting 

4 

12 

13 

7RR114 

Temperature  controller  for  cooling  and  pressure  release 

R.A.  valve  for  steam 

D.A.,  valve  for  overflow  with  dual  top 

14 

R.A.  valve  for  drain 

15 

R.A.  valve  for  water 

1G 

R.A.  valve  for  air 

17,  17A 

2VA140 

D.A.,  \i-in.  valves  for  venting 

18 

Check  valve 

19 

Check  valve 

20 

Check  valve 

21,  21 A 

Capacity  tank  made  of  2-in.  pipe,  24  in.  long  {note:  tank  is 
supplied  by  others) 

22,  22 A 

SK  9278 

Orifice,  0.020  in. 

23 

11ET310 

Industrial  thermometer 

25 

SK  9278-A 

Orifice  for  3  cfm,  (0.073  in.) 

2G 

SK  9278- B 

Orifice  for  8  cfm  (0.123  in.) 

27 

2VJ140 

Taylor  bf-in.  pilot  valve  for  air  agitation 

28 

29 

2VB140 

Taylor  J^-in.  valve  for  air  agitation 
b4-in.  check  valve 

30,  31 

74S175 

Momentary  contact,  N.O.  push  button  for  “start”  and 
“preheat” 

32 

Three-position  toggle  switch  D.P.D.T. 

33 

88S51 

Pilot  valve 

HIGH-FREQUENCY  ELECTRICAL  HEATING 

Heating  method  3  (page  37),  employing  the  use  of  high-frequency 
electrical  waves,  has  received  serious  attention  experimentally  from  the 
food-processing  industry  for  at  least  twenty  years,  but  it  has  not  yet 
reached  the  stage  of  practical  application.  During  the  recent  war  the 
pace  of  experimentation  was  greatly  accelerated,  and  with  the  emplov- 
ment  of  improvements  in  high-frequency  generators,  the  wished-for  success 
has  been  transformed  into  at  least  a  hope,  with  some  basis  for  expectation 
that  it  will  be  realized  in  the  not-too-distant  future. 

thit"  afnaa  00  a"  teChn‘C  that 's  being  introduced  into  investigations  of 
th  s  method  and  appears  to  offer  promise  of  overcoming  some  of  the  diffi¬ 
culties  encountered  in  past  experimentation  is  a  shift  into  the  ultrahitrh 
frequency  field.  Waves  having  frequencies  expressed  in  hundlds t 
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thousands  of  megacycles  per  second,  until  recent  years,  were  neglected 
in  experiments  on  food  sterilization.  Perhaps  this  was  because,  in  the 
field  in  which  high-frequency  heating  has  found  its  most  extensive  appli¬ 
cation,  metallurgy,  the  practical  optimum  frequency  is  about  1  megacycle. 

Dielectric  units,  physicists  tell  us,  are  nearly  always  tube  oscillators, 
allowing  great  flexibility  in  frequency,  output,  and  voltage.  The  highest 
practical  frequency  obtained  by  present-day  oscillators,  with  satisfactory 


Field  wiring—^  r—^Flex-Q- Timer  terminol  _ 

No,e  ^  Wire  number— -I Flex-0-Timer  wiring^ 

Fig.  2.7  b.  Schematic  wiring  diagram  of  a  Universal  Retort  Control  System.  (7  ay  lor 
Instrument  Companies.) 


power  output,  is  about  1,000  megacycles/sec,  or  1,000  times  as  great  as 
the  practical  optimum  for  metallurgical  purposes,  although  frequencies  as 
high  as  5  megacycles/sec  have  been  used  for  extremely  thin  case  hardening. 

In  heating  food  products,  inductively  or  dielectrically,  the  optimum 
frequency  depends  upon  the  product  and  the  container  chosen. 

Another  method  of  electrical  heating  is  that  which  utilizes  the  resistance 
of  food  to  electrical  current  passing  through  it.  This  method  has  been 
in  use  for  twenty-five  years  in  a  process  under  the  name  of  Electropure, 
for  pasteurizing  milk.  The  milk,  as  it  flows  between  two  carbon  elec- 
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rodes,  is  heated  by  an  alternating  current  passing  through  it.  A  tem- 
erature  of  160°F  is  attained  in  the  milk  in  from  20  to  30  sec  (Fig.  2.8). 
An  apparatus  for  heating  liquid  with  an  electric  current  while  the  liquid 
3  in  continuous  flow  was  patented  in  1897  by  Jones  (U.S.  Patent  592,735), 
nd  pasteurization  of  milk  by  a  batch  method  was  carried  out  by  Anglim  in 
923  (U.S.  Patent  1,468,871).  In  U.S.  Patent  1,984,956  (1934),  Anglim 
escribed  an  apparatus  in  which  the  wall  of  the  receptacle  functions  as  an 
lectrode. 


•  IG  Z.tc.  rart  ol  a  battery  of  Universal  Retort  Control  Systems  in  a  well-known  meat- 
•acking  plant.  ( Taylor  Instrument  Companies.) 


The  sterilization  of  food  in  a  can  by  means  of  an  electric  current  is  an 
ippealing  thought,  but  the  problems  encountered  in  finding  a  practical 
vay  to  pass  a  current  through  food  in  a  can  are  many  and  formidable 
Fhe  canning  industry  in  this  country  was  not  far  advanced  when  a  cou- 
■ageous  inventor  first  ventured  to  show  the  industry  a  container  adapted 
o  this  operation ;  and  not  until  twenty-five  years  later  did  another  publish 
us  idea  of  how  such  a  container  should  be  made 

Roberts's  container  of  1900  (U.S.  Patent  645,509)  was  composed  of  a 
onductmg  material  and  provided  with  an  interior  insulated  electrode 
laving  a  connector  extending  therefrom  through  the  wall  of  the  container 
Hull,  ,925  (U.S.  Patent  1,522,188),  employed  an  arrangement a cot 
,  ,e'  and  a  central  insulated  electrode  similar  to  that  of  Roberts’s  exccDt 
hat  no  arrangement  was  made  by  Hull  for  sealing  the  sterilized 'food  in 
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the  container.  In  Bohart’s  container  in  1933  (U.S.  Patent  1,911,879), 
the  entire  body  portion,  to  which  the  two  ends  were  attached,  was  of 
electrically  nonconductive  material  and  the  two  ends  were  formed  either 
wholly  or  in  part  of  an  electrically  conductive  material.  Steerup’s  con¬ 
tainer,  in  1935  (U.S.  Patent  2,013,675),  was  an  all-metal  container  in 
which  there  was  electrical  contact  between  the  body  and  one  end  but  no 


electrical  contact  in  the  sealing  joint  between  the  body  and  the  other 
end.  Contact  in  the  latter  joint  was  prevented  by  a  liner  of  electrically 
insulating  fibrous  material. 

In  1937,  Ball  proposed  a  method  of  applying  this  principle  of  electrical 
heating  to  the  food  in  a  container  before  it  is  sealed  (U.S. Patent 2,091 ,263) 
by  inserting  electrodes  into  the  food  while  it  is  held  under  superatmospheric 
pressure. 

The  choice  of  method  for  heating  food  electrically  should  depend  largely 
upon  the  chemical  nature  of  the  food.  Resistance  heating  is  appropriate 
for  foods  which  have  low  electrolyte  content;  for  those  having  higher  elec- 
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trolyte  content,  either  dielectric  or  induction  heating  should  be  used  the 
latter,  when  the  resistivity  of  the  food  is  low. 

None  of  the  three  methods  has  reached  a  stage  of  commercial  appli¬ 
cation  for  heating  food  in  its  final  container.  The  problem  of  producing 
a  uniform  rise  of  temperature  in  all  portions  of  the  food  is  a  difficult  one 
in  all  methods.  The  distribution  of  heating  effect  is  influenced  not  only 
by  the  design  and  construction  of  the  container  and  the  design  and  loca¬ 
tion  of  the  electrodes,  but  also  by  heterogeneous  structure  of  the  food 
substance.  Furthermore,  these  methods  of  electrical  heating  are  at  a  dis¬ 
advantage  costwise  in  comparison  to  heating  with  steam.  This  disad¬ 
vantage,  however,  would  probably  be  quickly  either  eliminated  or  counter¬ 
balanced  by  the  inherent  advantages  of  convenience  and  speed  if  the 
problem  of  distribution  of  heating  effect  were  resolved.  This  is  indicated 
by  the  success  of  electrical  heating  in  milk  pasteurization.  It  appears  that 
the  first  use  of  electrical  sterilization  by  heat  will  be  with  foods  that  do 
not  lend  themselves  to  short  high-temperature  sterilization  with  the  use 
of  steam  or  hot  water. 

The  most  dramatic  of  all  potential  systems  of  sterilizing  foods  is  that 
employing  ionizing  radiation.  This  is  radiation  with  rays  in  the  range  of 
extremely  high  frequencies,  i.e.,  from  1014  to  1017  megacycles/sec — millions 
of  times  as  great  as  the  frequencies  used  in  electrical  heating.  This  treat¬ 
ment  is  dramatic  because  it  produces  its  effects  with  little  or  no  generation 
of  heat.  For  this  reason,  it  has  captured  the  imagination  of  the  industry. 

Three  general  types  of  rays  have  been  found  to  be  effective  in  “cold” 
sterilization,  namely,  gamma  rays  emitted  by  radioactive  material  (iso¬ 
topes),  X  rays  produced  by  X-ray  tubes,  and  cathode  rays  produced  by 
electron  accelerators.  The  effects  of  these  rays  upon  microorganisms, 
enzymes,  and  other  entities  depend  upon  a  balance  between  the  trans¬ 
mission  and  the  absorption  of  the  rays  by  the  food.  For  most  practical 
applications,  X  rays  are  the  best  of  the  three  types  of  rays  because  they 
are  transmitted  farthest  before  being  absorbed.  Thus  they  penetrate 
and  are  effective  to  the  greatest  depth  in  the  food. 


ontrary  to  the  situation  in  heat  sterilization,  enzymes  are  more  diffi- 
cult  to  inactivate  than  microorganisms  by  ionizing  radiation.  It  has  been 
found  that  a  dose  of  ionizing  radiation  sufficient  to  inactivate  enzymes 
causes  gross  deterioration  of  the  organoleptic  qualities  of  the  food  espe¬ 
cially  the  flavor.  The  cost  of  treating  food  also  is  high,  compared  to  that 
o  steam  sterilization.  Whether  or  not  the  many  obstacles  to  effective 

doubt  "  °f  °° W”  ster,hzat,on  technics  will  be  overcome  remains  in 


from  ‘,rhea‘mgfheat  sterilization  theoretically,  electrical  heating  is  treated 
from  the  heat-penetration  standpoint  in  the  same  manner  as  heating  bv 
Other  means  (see  Chaps.  3  and  5).  Chapter  3  will  also  explain  how  the 
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principles  on  evaluation  of  processes,  which  will  be  expounded  in  later 
chapters,  apply  to  the  inactivation  of  enzymes  and  microorganisms  by 
ionizing  radiation,  as  well  as  by  heat  processing. 

The  effect  upon  progress  in  the  food-sterilization  field  of  bringing  into 
use  ultrahigh-frequency  generators  is  being  watched  with  great  interest. 
Obviously,  a  method  of  processing  which  employs  high-frequency  electri¬ 
cal  treatment  of  foods  should  be  classified  as  a  short  method  of  steriliza¬ 
tion  (see  page  91). 


ADVANCES  IN  STILL  AND  AGITATION  TECHNICS  IN  STEAM  PROCESSING 

Pressure  processing  machinery  is  like  all  other  classes  of  mechanical 
equipment  in  that  many  of  the  types  described  in  issued  patents  are 


Fig.  2.9a.  Cutaway  view  of  spiral-type  continuous  pressure  cooker  and  can  entrance 
valve,  showing  spiral  flange  which  guides  cans  in  their  movement  from  entrance  point 
to  exit  point.  The  smaller  tank  is  a  continuous  pressure  cooler.  Control-instrument 
panel  is  mounted  alongside  the  cooker.  ( Food  Machinery  and  Chemical  Corp.) 

impractical  and  unworkable.  Nevertheless,  a  resume  of  patents  by 
Bitting  [30]  presents  an  interesting  story  of  the  mechanical  changes  that 
have  brought  about  the  developments  in  steam-processing  technic  which 
we  have  discussed.  This  resume  covers  the  period  from  1869,  the  date 
of  the  first  patent  issued  for  a  pressure  cooker  in  this  country  (a  retort 
in  which  steam  was  generated  within  the  cooking  chamber)  to  1916. 
The  spiral  type  of  continuous  cooker,  which  is  extensively  used  today 
(Fig.  2.9a),  was  patented  July  1 1 , 1899.  The  pressure  valve  for  conveying 
containers  came  into  use  about  1915. 

Spiral-type  Continuous  Cooker 

Of  the  half  dozen  or  so  types  of  continuous  cookers  for  processing  sealed 
containers  of  food  which  have  been  developed,  that  of  the  Anderson- 
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jamgrover  design  is  the  only  one  that  has  attained  substantial  appli- 
ation.  This  cooker,  of  the  nonpressure  type,  has  marked  more  than  a 
alt  century  of  use,  and  that  of  the  pressure  type  has  been  in  use  for  almost 
n  equally  long  period  of  time.  In  this  cooker,  the  containers  of  food  are 
propelled  along  a  spiral  track  by  flanges  on  the  periphery  of  a  slowly 
otating  reel. 

Currently,  the  most  extensive  use  of  the  Anderson-Barngrover  non- 
ressure  cooker  is  in  processing  fruits.  The  pressure-type  cooker  also  is 
sed  to  some  extent  on  fruits,  notably  pineapple,  but  the  broadest  applica- 
ion  of  the  pressure  cooker  is  with  evaporated  milk.  It  has  had  limited  use 
ar  many  years  in  processing  brine-packed  vegetables,  such  as  peas  and 
, hole-kernel  corn.  In  1950,  for  the  first  time  in  commercial  operation, 
vacuum-packed”  corn  in  307  X  306  cans  was  processed,  and  the 
peration  has  been  carried  on  each  year  since  1950  by  the  Green  Giant 
Company.  Temperatures  of  not  less  than  260°F  are  employed  in  this 
peration. 


Agitating  Vacuum  Process 

One  of  the  earliest  processing  improvements  which  came  into  major 
importance  in  the  industry  as  a  means  of  quality  improvement  was  the 
acuum-packed  process,  which  was  introduced  commercially  in  the  late 
920s.  This  is  a  process  in  which  foods  of  particulate  type,  such  as  whole- 
ernel  corn  and  peas,  are  packed  with  only  a  small  quantity  of  free  liquid 
i  the  can  by  sealing  the  can  under  high  vacuum  and  then  processing  in 
be  conventional  manner.  \\  ithin  the  last  ten  years,  substantial  progress 
as  been  made  in  profiting  from  the  advantage  which  can  be  gained  by 
mploying  with  vacuum-packed  products  the  principle  of  can  agitation 
uring  the  process  to  accelerate  the  heat  penetration  and  thus  make  pos- 
ible  a  reduction  in  processing  time.  Roberts  and  Sognefest  [67]  pub- 
shed  data  from  an  extensive  investigation,  showing  the  magnitude  of 
dvantages  that  could  be  realized  by  applying  the  agitation  principle  as 
xemphfied  by  cookers  of  various  types.  They  stated  that,  during  1946, 
sveral  canners  utilized  the  agitating  process  for  vacuum-packed  corn,  to 
uch  extent  as  this  use  involved  commercial  operation.  The  1946  activity 
pparently  was  concerned  primarily  with  batchwise  cookers  which  provide 
gitation  by  meank  of  a  revolving  crate. 

Vacuum-packed  foods,  such  as  com,  are  slightly  compressed  within  the 
an  when  it  is  sealed;  therefore,  in  the  early  part  of  the  process,  the  solid 

“ T  °l  “  t°"f  d“  n0t  move  about  'vhu"  the  can  is  agitated.  The 

hron  fir  he  heat  transralsslon>  therefore,  is  accomplished  only 
hrough  the  movement  of  the  brine  through  the  interstices  among  the 

lid  pieces,  consisting  of  kernels,  in  the  case  of  corn 

It  is  apparent  that,  under  this  situation,  a  medium  quantity  of  brine 
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would  give  more  rapid  transmission  of  heat  than  either  a  very  small  quan¬ 
tity  of  brine  or  sufficient  brine  to  fill  all  interstices  of  the  product.  The 
latter  fact  has  been  verified  by  heat-transmission  studies  in  corn  and  peas, 
which  showed  the  optimum  amount  of  brine  to  be  approximately  2  oz  per 
307  X  30G*  can. 

Less  than  2  oz  was  not  enough  to  carry  heat  to  the  center  of  the  can  at 
the  maximum  possible  rate;  brine  in  greater  amount  than  approximately 
2  oz  is  less  active  in  moving  about  in  the  rotating  can  than  is  the  optimum 
amount  of  2  oz.  In  addition,  the  heating  of  the  can  contents  is  retarded 
somewhat  by  the  presence  of  a  greater  quantity  of  brine  because  of  the 
heat  required  to  raise  the  temperature  of  the  excess  brine. 

Experience  has  shown  that  conventional  307  X  306  cans  containing 
vacuum-packed  products  sealed  under  vacuum  of  at  least  20  in.  will  panel 
if  subjected  abruptly  to  the  optimum  processing  pressure  of  a  continuous 
cooker  for  these  products.  For  this  reason,  it  is  customary  to  pass  the 
cans  through  a  preheater  at  moderate  temperature  and  pressure  before 
running  them  into  the  sterilizing  cooker. 

A  preheat  treatment  of  2  or  3  min  at  approximately  220°F  has  been 
found  sufficient  to  produce  an  internal  pressure  which  will  prevent 
paneling  of  the  cans  upon  entering  a  cooker  operating  at  20  lb  pressure. 

Agitating  Process  for  Cream-style  Corn 

One  of  the  most  interesting  episodes  in  the  history  of  continuous  pres¬ 
sure  cooking  of  canned  foods  involves  cream-style  corn.  It  was  also  one 
of  the  most  significant  episodes  from  the  standpoint  of  processing  canned 
foods  under  agitation. 

The  low  rate  of  heat  penetration  of  cream-style  corn  makes  a  prolonged 
heat  treatment  under  superatmospheric  steam  pressure  necessary  in  order 
to  sterilize  the  product  by  conventional  still-cook  methods.  Owing  to 
the  importance  of  sweet  corn  in  the  American  canned-foods  industry, 
canners  became  interested  early  in  the  twentieth  century  in  finding  a 
feasible  process  in  which  the  rate  of  heat  penetration  would  be  high  enough 
to  permit  a  substantial  reduction  in  processing  time. 

First,  the  fact  was  established  through  small-scale  experiments  by  the 
NCA  [29]  that  agitation  of  the  container  accelerated  heat  penetration. 
The  first  commercial-scale  continuous  cooker  to  be  tried  was  the  Anderson- 
Barngrover  (Fig.  2.9a),  in  which  the  containers  roll  on  the  spiral  track  as 
they  travel  along  the  lower  part  of  the  periphery  with  each  turn  of  the 
reel.  A  phenomenon,  which  had  been  indicated  by  the  work  of  the  NCA, 
was  confirmed  that  agitation  of  cream-style  corn  during  heat  processing 
for  sterilization  produced  coagulation  of  the  creamy  portion  of  the  product. 


*  Determination  by  Green  Giant  Co. 
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leing  a  complex  colloidal  system,  this  creamy  portion  is  very  sensitive  to 
gitation  under  heat. 

Starting  with  tests  on  the  Johnson  cooker  in  Hoopeston,  Ill.,  in  1920, 
1  which  tests  the  senior  author  participated,  attempts  were  made  to  pro- 
uce  a  practical  continuous  cooker  in  which  cream-style  corn  could  lx 
terilized  without  curdling.  Experimental  results  with  the  Johnson  cooker 
rere  unsatisfactory.  Extensive  experiments  were  conducted  to  study  the 
fleets  of  materials  which  might  give  physical  stability,  including  various 
tarches  and  gums. 

A  “nonagitating”  type  of  the  helical-track,  reel-type  cooker  was  built 
i  1931,  in  which  the  rotation  of  containers  about  their  own  axis  was  pre- 


Nonogifofing  Agitating 

"ig.  2.96.  Principle  through  which  rolling  of  containers  is  prevented  in  spiral-type 
ontinuous  processor  contrasted  to  the  principle  through  which  rolling  of  containers 
B  permitted.  ( Food  Machinery  and  Chemical  Corp.) 

rented  [6],  The  nonagitating  principle,  contrasted  with  the  agitating 
uinciple,  is  shown  in  Fig.  2.96.  Experiments  with  cream-style  corn  in 
his  cooker  brought  the  conclusion  that  any  continuous  cooker  which  gave 
ufficiently  gentle  treatment  to  the  product  to  avoid  curdling  was  too 
:ostly  to  use  because  of  the  capacity  required  in  order  to  give  a  process  of 
he  necessary  length. 


Sterilmatic  Process  for  Corn 

The  problem  was  never  discarded  in  despair.  Its  solution  was  sought 
it  intervals  over  a  period  of  about  thirty  years;  finally,  success  was 
innounced  in  1950.  Wilbur  [92]  announced  the  development  by  Frank 
Jickey  and  R.  S.  Whitmore  of  a  process  in  which  a  special  starch  is  used 
ts  a  stabilizer  to  prevent  coagulation  when  heat  penetration  into  the 
product  is  accelerated  by  agitation  during  the  process. 

He  states,  “A  corn  starch  has  been  produced  which  meets  rigid  bac¬ 
teriological  standards  and  which  is  effective  in  quantities  smaller  than 
hose  commonly  used  in  practice.  This  starch  is  such  an  effective  anti¬ 
coagulant  that  by  its  use  alone  curdling  of  cream-style  corn  -can  be 
suppressed.” 

An  indication  as  to  the  nature  of  this  starch  is  contained  in  the  following 
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extracts  from  Wilbur’s  description  of  the  nature  of  curdling.  Referring 
to  the  curds  from  the  cream-style  matrix  of  corn,  the  author  states: 

In  the  yellow  varieties  of  sweet  corn,  these  curds  are  found  to  be  largely  pro¬ 
tein  associated  with  corn  oil  and  pigment.  .  .  .  Endosperm  milk,  when  freshly 
expressed  from  the  raw  kernel,  contains  elements  of  the  coagulum,  together  with 
starch  grains  and  other  solubles  and  dispersions.  ...  A  typical  Golden  Cross 
Bantam  variety,  containing  about  70  percent  moisture,  shows  on  the  original  wet 
basis  about  1.4  percent  total  N,  and  about  0.14  soluble  N. 

The  total  starch  was  about  7  percent,  and  the  “free  starch”  about  4.5  percent. 
The  free  starch  referred  to  is  starch  floating  freely  in  the  fluid  dispersion,  and  not 
associated  with  particles  of  material  size.  It  appears  that  the  soluble  nitrogen 
and  the  free  starch  play  a  larger,  if  not  completely  understood,  role  in  curdling 
and  consistency  problems  than  the  total  nitrogen  and  total  starch.  .  .  .  There 
appears  to  be  strong  support  for  the  view  that  the  heat  coagulation  of  the  soluble 
protein  fraction  is  the  cause  of  curdling  and  that  agitation  causes  agglutination, 
thus  interfering  with  the  formation  of  a  smooth  gel. 

The  consistency  of  the  product  during  processing  and  the  amount  of 
headspace  in  the  container  are  necessarily  controlled  rigorously  to  ensure 
successful  operation  of  this  process. 

The  short  process  of  16  min  at  275°F,  which  is  made  possible  by 
mechanically  induced  convection,  gives  the  product  a  markedly  better 
color  and  flavor  than  that  obtained  from  the  conventional  method  of 
processing.  Specifications  for  303  X  409  cans  of  cream-style  corn  to  be 
sterilized  by  the  sterilmatic  process  are  as  follows: 

Minimum  gross  headspace .  hm 

Minimum  initial  temperature .  180°F 

Product  consistency  (F.M.C.  consistometer) .  Max.  65 

Cooker  speed  (degree  of  agitation) .  260  cpm 

Process .  16  min  at  275°F 


Flexibility  of  Reel  and  Spiral-type  Cooker 

The  usefulness  of  the  continuous  cooker  of  reel  and  spiral  type  has  been 
expanded  by  the  introduction,  within  the  past  decade,  of  improvements 
that  enable  a  cooker  to  handle  cans  which  vary  substantially  in  both 
diameter  and  length.  By  only  a  valve  change,  a  given  cooker  is  made 
capable  of  running  cans  of  307  diam,  varying  in  length  from  306  to  409, 
cans  of  300  diam,  varying  in  length  from  400  to  409,  or  cans  of  any  size 
intermediate  to  those  named.  In  fact,  cans  of  both  307  and  303  diam, 
in  certain  lengths,  can  be  handled  without  a  valve  change.  Anotheii 
recent  improvement,  consisting  of  a  “paddle”  discharge  incorporated, 
into  the  valve,  combined  with  a  turret  transfer  between  the  successive 
units  of  the  line  (preheater,  cooker,  and  cooler),  makes  it  possible  t°. 
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rocess  cans  of  large  size  at  a  high  rate.  This  is  accomplished  by  allow- 
lg  more  time  to  effect  the  transfer  than  was  previously  allowed,  thus 
xlucing  the  acceleration  necessary  on  the  can  (see  Fig.  2.9c). 

Top-plan,  side-elevation,  and  end-elevation  diagrams  of  the  control 
istrumentation  of  the  spiral-type  continuous  pressure  cooker  and  cooler 
re  shown  in  Fig.  2.9 d.  The  wiring  diagram  is  also  shown  of  the  mecha- 
ism  which  automatically  stops  the  movement  of  the  cooker  reel  and 
alves  in  case  unsuitable  conditions  develop,  including  jams. 


End-over-end  Rotation  of  Containers 


During  the  past  ten  years,  intensive  studies  were  made  of  the  nature 
the  turbulence  produced  in  a  liqueform  product  in  a  container  while  in 
nd-over-end  rotation.  Such  rotation  is  effective  in  accelerating  the  rise 
temperature  of  the  entire  contents  of  the  containers  to  a  greater  degree 
lan  any  other  type  of  container  movement.  When  the  axis  of  rotation 
1  l0Cated  externally  to  the  containers,  however,  the  speed  of  rotation  must 
e  so  controlled  that  it  will  not  exceed  that  at  which  the  composite  force 

_ cei,trlf"8al  gravity  effects,  by  producing  stagnation  in  the 

beg‘T  *  mCreaSe  th°  tlmC  required  t0  raise  ‘he  temperature  of 
ie  entire  contents. 

Clifcorn  et  al.  [35],  in  describing  a  study  by  one  laboratory  of  the  effects 
pon  induced  currents  within  the  container  of  balancing  the  centrifugal 


Description 

(1)  Recording  temperature  controller,  (2)  pressure  gauge,  (3)  yi-in.  siphon,  (4)  diaphragm  valve, 
in.,  (5)  J^-in.  globe  valve,  (6)  air  filter,  (7)  angle-stem  thermometer,  range  200  to  270°F,  (8)  capillary 
tubing,  (9)  3-in.  gate  valve  (drain),  (10)  l^i-in.  globe  valve,  (11)  no.  2  pop  blowoff  valve;  set  33  lb, 
(12)  J(j-in.  petcocks  (bleeders),  (13)  lj-i-in.  steam  supply  to  cooker,  (14)  Shi-in.  globe  valve,  (15)  mag¬ 
netic  valve,  general  controls,  (10)  air-reducing  valve,  J£-in.  line,  (17)  air  filter,  3-in.  pipe,  24  in.  long, 
(18)  pressure  gauge,  (19)  water-level  control,  (20)  air  strainer,  (21)  lj^-in.  globe  valve,  (22)  diaphragm 
valve,  1  in.,  (23)  1-in.  steam  log  (to  cooler),  (24)  Y-in.  globe  valve;  air,  (25)  jf^-in.  globe  valve;  air, 
(26)  diaphragm  valve,  Yx  in.,  (27)  H-in.  globe  valves,  (28)  indicating  temperature  controller,  (29) 
indicating  air-pressure  controller,  (30)  air  filter,  (31)  angle  thermometer,  range  120  to  220°F,  (32) 
diaphragm  valve,  2  in.,  (33)  2-in.  gate  valves,  (34)  angle-stem  thermometer,  range  30  to  160°F,  (35) 
mercury  switch — discharge  valve,  (36)  mercury  switch — discharge  chute,  (37)  mercury  switch — transfer 
valve,  (38)  switch,  controlling  instruments,  water  height  in  cooler,  (39)  water-level  gauge  glass,  (40) 
1-in.  globe  valve,  (41)  steam  circulating  fittings,  (42)  diaphragm  valve,  2  in.,  (43)  2-in.  gate  valves. 
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Fig.  2.9 d.  Top-plan,  sidc-clevation,  and  end-eleva¬ 
tion  diagrams  of  the  control  instrumentation  of  the 
spiral-type  continuous  pressure  cooker  and  cooler, 
with  wiring  diagram  for  automatic  stop.  ( Food 
Machinery  and  Chemical  Corp.) 


Detailed  Description 


(1)  One  reverse-acting  recording  temperature  controller  with  24-hr  spring  clock.  Five  feet  of 
capillary  tubing.  Union  connection  retort  bulb  with  ?4-in.  threaded  union  hub.  Complete  with 
ur  filter  (6). 

(4)  One  134 -in.  reverse-acting  diaphragm  valve.  For  use  with  25  lb  air  and  steam  pressures  up  to 
125  lb  upstream  and  0  to  30  lb  downstream. 

(7)  One  9-in. -scale  angle  thermometer.  Binoc  tubing.  Range  200  to  270°F  with  hub  threaded  for 
4-in.  N.P.T. 

(22)  One  1-in.  reverse-acting  valve.  Air  to  operate  25  lb  against  steam  pressure  upstream  of  125  lb; 
lownstream  of  15  lb. 

(26)  One  94-in.  reverse-acting  diaphragm  valve.  Air  to  operate  25  lb  against  air  pressure  through 
k'alve  of  100  lb  upstream  and  10  lb  downstream. 

(28)  Two  reverse-acting  indicating  temperature  controllers — one  each  for  inlet  and  outlet  cooler 
temperatures.  Temperature  range  50  to  240°F.  Union  connection  bulb  with  94-in.  threaded  hub. 
Each  with  air  strainer. 

(29)  One  reverse-acting  indicating  pressure  controller.  Range  0  to  50  lb.  For  air-pressure  control. 

(41)  One  steam  circulating  fitting  threaded  for  94-in.  N.P.T. 

(42)  Two  2-in.  direct-acting  valves.  Air  to  operate  25  lb  water  through  valves — 15  lb  upstream 
and  5  lb  downstream  on  outlet  line,  and  70  lb  upstream  and  15  lb  downstream  on  inlet  line. 
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and  gravitational  forces  acting  upon  the  product  during  rotation  of  the 
containers,  state: 

It  was  found  that  by  selecting  the  proper  speed  the  headspace  volume  could 
be  made  to  pass  through  the  liquid  at  various  levels,  and  when  the  speed  is  such 
that  the  centrifugal  force  equals  the  weight  of  the  liquid  contents,  the  headspace 


Fig.  2.10a.  End-over-end  rotation.  Mo¬ 
bility  produced  at  low  rotation  speed. 
( Continental  Can  Co.) 


Fig.  2.106.  End-over-end  rotation.  Mo¬ 
bility  produced  at  high  rotation  speed. 
( Continental  Can  Co.) 


Turbulence  creoted 
when  void  space 
traverses  through 
center  of  contents 


Fig.  2.10c.  End-over-end  rotation.  Mobility  produced  at  optimum 
{Continental  Can  Co.) 


rotation  speed. 


volume  passes  approximately  through  the  centre  of  the  can.  This  was  also  found 
experimentally  to  give  maximum  turbulence  within  the  can  contents,  resulting  in 
the  greatest  rate  of  heat  penetration. 

This  was  considered  important  because  it  showed  that  for  the  maximum  rate 
of  heat  penetration,  the  headspace  volume  must  be  made  to  pass  through  the- 
approximate  centre  of  the  can. 

Figure  2.10c  illustrates  diagrammatically  the  movement  of  the  head- 
space  volume  in  a  liquid  product  when  revolution  of  the  can  is  at  “opti¬ 
mum”  speed,  as  compared  to  the  movement  shown  in  Fig.  2.10 a  fon 
low-speed  and  in  Fig.  2.106  for  high-speed  revolution. 
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The  above  conclusion  was  not  confirmed  by  Ball  and  Boyd  in  a  similai 
study  Viscosity  was  found  to  have  a  greater  effect  upon  the  speed  of 
rotation,  which  will  give  the  highest  rate  of  heat  penetration,  than  can 
be  accounted  for  by  difference  in  density  of  the  product  alone.  1  hus  it 
appears  that  the  maximum  rate  of  heating  of  liqueform  products  occurs 
when  the  speeds  of  rotation  are  such  that  the  headspace  passes  through 
the  product  at  various  levels  in  the  container,  the  location  of  which  levels, 
in  each  case,  depends  upon  the  viscosity  oi  the  product. 

Ball  and  Boyd  also  found  that  the  sterilizing  efficiency  of  a  process  in 
which  the  cans  are  revolved  end  over  end  about  an  axis  located  externally 
to  the  cans  does  not  appear  to  increase  progressively  with  increase'in  speed 
of  revolution  until  a  peak  is  reached,  then  to  start  immediately  to  decrease. 
The  sterilizing  effect,  under  certain  conditions,  as  indicated  by  the  rate  of 
heat  penetration,  appears  to  increase  progressively  with  increase  in  speed 


of  revolution  until  a  maximum  value  is  reached,  but  before  beginning  to 
decrease,  this  maximum  seems  to  persist  with  practically  no  change  in 
value  through  a  considerable  range  of  further  increase  in  speed  of  rotation. 
The  eventual  decrease  in  sterilizing  effect,  obtained  at  the  higher  rotation 
speeds,  is  due  to  the  increase  in  magnitude  of  a  static  condition  in  the 
extremity  of  the  container  which  is  furthest  from  the  axis  of  revolution 
as  the  speed  of  rotation  continues  to  increase. 

The  above  comments,  including  the  conclusion  of  Clifcorn  et  al.,  apply 
solely  to  the  condition  in  which  the  container  revolves  about  an  axis  which 
is  external  to  the  container.  Clifcorn  et  al.  have  United  States  patent 
rights  on  the  process  of  this  type  in  which  the  speed  of  revolution  is  such 
that  “the  centrifugal  force  and  weight  exerted  by  the  contents  will  cause 
said  gaseous  space  to  move  along  a  portion  of  the  walls  of  the  cans  and 
then  across  the  cans  substantially  at  the  center  thereof,”  which  condition 
is  said  to  occur  when  the  centrifugal  force  on  the  product  at  the  center 
of  gravity  of  the  product  lies  within  the  range  of  from  %  to  i  H  times  the 
weight  of  the  product. 

The  commercial  possibilities  of  the  end-over-end  rotation-type  of  proc¬ 
ess  have  been  explored  extensively  only  since  1954,  when  commercial 
operation  was  started  on  vacuum-packed  corn  in  603  X  600  cans  [13], 

The  process  is  covered  by  U.S.  Patent  2,517,542  [85].  The  processing 
of  vacuum-packed  products  is  further  discussed  under  Thermo-Roto 
Cooker. 


Thermo-Roto  Cooker 

The  principles  involved  in  the  sterilization  of  low-acid  products  with 
the  use  of  high-boiling-point  liquids  were  discussed  on  pages  17-18  of  this 
chapter.  This  type  of  processing,  applied  through  still  retort  procedures 
survived  only  a  short  period  of  use.  In  recent  years,  efforts  have  been 
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made  to  apply  the  procedure  in  continuous,  agitating  equipment.  A 
large  part  of  this  effort  was  devoted  to  vacuum-packed  corn.  Starting 
in  1944,  experiments  had  been  under  way  by  the  Green  Giant  Company 
on  a  can-rotation  open  type  of  continuous  processing  unit  utilizing  a  high- 
boiling-point  liquid  as  the  heating  medium.  This  unit,  known  as  the 
Thermo-Roto  machine,  consists  basically  of  a  series  of  parallel  rollers  with 
centers  so  spaced  as  to  accommodate  cans  of  various  sizes  resting  hori¬ 
zontally  on  the  rollers  in  rows  which  are  defined  by  the  furrows  between 
the  rollers.  The  rows  of  cans  are  moved  successively  from  one  furrow 
to  the  next  by  means  of  pusher  arms,  one  of  which  is  located  between  each 
two  adjacent  rows  of  cans. 

The  series,  or  bed,  of  rollers  is  called  a  deck,  and  as  the  rows  of  cans 
move  across  the  deck  in  successive  steps  from  one  furrow  to  the  next,  the 
cans  are  sprayed  by  the  liquid  heating  medium.  Cooling  of  the  cans  in 
water  sprays  is  carried  out  by  a  similar  procedure  on  a  second  deck.  The 
hot  deck  holds  about  50  cases  of  307  X  306  cans. 

During  1946,  samples  of  corn  were  packed  for  quality  tests,  and  in  1947 
the  first  commercial-scale  unit  was  operated  on  corn — on  an  experimental 
basis.  Peas  were  processed  in  an  experimental  unit  in  1947,  but  no 
improvement  in  quality  was  produced  as  compared  to  that  of  regular 
still-cooked  vacuum-packed  peas. 

A  pronounced  improvement  in  quality  of  corn  was  obtained  by  proc¬ 
essing  in  this  machine,  and  starting  in  1948,  a  plant-scale  machine  was 
operated  on  vacuum-packed  corn.  Season’s  runs  on  corn  were  made 
again  in  1949  and  1950. 

Extensive  experiments  with  vacuum-packed  peas  in  307  X  306  cans  in 
1949  gave  results  which  left  much  to  be  desired.  It  was  difficult  to  pro¬ 
duce  a  product  having  desirable  texture  without  using  a  quantity  of  brine 
which  was  practically  equivalent  to  that  of  brine-packed  peas. 

The  outlook  for  the  application  of  this  principle  commercially  in  proc¬ 
essing  any  product  is  not  bright  because  of  two  annoying  difficulties  which 
became  apparent  during  the  tests  mentioned  above.  First,  tests  with 
various  high-boiling-point  liquids,  including  propylene  glycol  and  a  num¬ 
ber  of  oils,  led  to  an  apparently  well-justified  conclusion  that  presently 
known  liquids  are  unsuitable  for  use  as  heating  media,  where  the  media, 
in  spray  form,  are  exposed  to  oxygen.  All  compounds  used  decompose 
to  form  insoluble  tarry  residues.  In  some  cases,  corrosive  substances  of 
low  boiling  point  are  produced  in  the  decomposition.  Corrosion  of  tin 
plate  and  difficulty  in  removing  the  decomposition  products  from  the  can 
surfaces  are  experienced,  and  because  of  the  high  rate  of  decomposition, 
the  cost  of  materials  is  high.  The  substitution  of  immersion  heating  for 
spray  heating  might  avoid  the  decomposition  of  the  liquid,  but  immersion 
was  impracticable  in  the  unit  which  was  used  in  the  tests  because  of 
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temperature-control  complications.  Another  way  to  alleviate  the  decom¬ 
position  might  be  to  substitute  inert  atmosphere  for  air,  but  this  also 
would  introduce  serious  mechanical  complications. 

The  second,  and  less  serious,  difficulty  arises  from  inadequate  mechan¬ 
ical  strength  in  standard  cans  to  withstand  the  high  pressure  which  is 
generated  within  the  cans,  counteracted  externally  only  by  normal  atmos¬ 
pheric  pressure.  While  this  situation  does  introduce  a  problem,  buckles 
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Fig.  2.11a.  Agitating  atmospheric-pressure  process.  Thermo-Roto  machine.  Dia¬ 
grammatic  view  of  one  end  of  a  roller  and  a  transfer  bar.  ( Food  Machinery  and 
Chemical  Corp.) 
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Fig.  2.116.  Agitating  atmospheric-pressure  process.  Thermo-Roto  machine.  Dia¬ 
grammatic  view  from  side  of  machine,  showing  end  bearings  for  a  series  of  rollers 
transfer  bars  at  rest  during  rolling  period,  and  draw  bar  by  means  of  which  transfer 
bars  are  operated.  ( Food  Machinery  and  Chemical  Corp.) 

in  the  can  ends  can  be  prevented  by  the  use  of  abnormally  heavy  and 

highly  tempered  plate,  to  which  assistance  may  be  given  by  the  use  of 
special  end  profiles. 

The  above  conclusions  were  reached  after  extensive  seasons’  runs  by 
the  Green  Giant  Company  in  1948,  1949,  and  1950.  Diagrammatic  views 

of  mechanical  features  of  the  Thermo-Roto  are  shown  in  Figs  2  11a  2  ll/> 

and  2.11c.  >  ,11U, 

and  rr*!rfa  8ene™  Categ°ry  has  been  pr°posed  by  R-  H.  stimpson 
and  J.  B.  Anderson.  Their  system  consists  of  passing  sealed  containers 

nuously  thr0ugh  an  atmosPhere  consisting  of  a  mixture  of  vapors  of 
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two  nonazeotropic  liquids,  one  of  which,  in  pure  state,  boils  at  189°F;  the 
other,  at  250°F  at  atmospheric  pressure.  This  process  is  described  in 
U.S.  Patent  2,716,609  (Aug.  30,  1955).  Trichloroethylene  and  perchloro- 
ethylene  are  the  substances  used  by  Stimpson  and  Anderson  to  form  the 
heating  medium. 


Fig.  2.11c.  Agitating  atmospheric-pressure  process.  Diagrammatic  plan  and  eleva¬ 
tions  of  double-deck  Thermo-Roto.  ( Food  Machinery  and  Chemical  Corp.) 


Hot-air  Sterilizer 

A  novel  method  of  sterilizing  low-acid  products  under  atmospheric 
pressure  went  into  use  in  Sweden  in  1 955.  Homogenized  milk  is  sterilized 
by  removing  heat  from  circulating  hot  dry  air.  The  sterilizing  plant 
occupies  an  area  of  about  475  sq  ft  in  the  plant  of  the  Katrineholm  Dairy 
of  the  Swedish  Farmers’  Association.  (Figs.  2.12a  and  2.126).  Sporle 
[74]  gives  the  following  description  of  the  process. 


In  this  sterilizing  process,  the  cans  are  fed  from  cartons  on  to  an  elevator  con¬ 
veyor  and  pass  in  a  single  lane  through  the  primary  cleaning  stage,  in  which 
steam  at  a  temperature  of  212°F.  is  used.  They  then  roll  to  the  foot  of  a  short 
elevator  which  takes  them  to  a  track;  the  packs  roll  down  the  latter  to  the  six- 
head  filler.  At  present,  hot-dipped  11-  and  14-ounce  cans  are  used,  although  it 
is  planned  to  use  lacquered  cans  in  the  near  future. 

Milk  from  an  adjacent  processing  room  of  the  main  dairy  is  pre-heated  to 
161. 6°F.  in  a  pasteurizing  unit  to  achieve  a  vacuum;  filling  is  therefore  completed 
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Fig.  2.12(1.  Hot-air  sterilizing  system.  Washer  of  empty  cans  in  left  foreground: 
washer  of  tilled,  sealed  cans  in  right  foreground;  sterilizer  with  recording  mechanisms 
of  three  regulators  mounted  on  outside  of  housing  in  right  background;  cooler  for 
sterilized  cans  in  left  background.  {Food.) 
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with  no  headspace  and  the  sterilizing  time  is  also  cut.  The  cans  then  pass  to  a 
seamer,  which  is  in  tandem  with  the  filler.  Here  a  closure  with  a  rubber  sealing 
ring  is  applied.  The  packs  then  pass  to  the  second  wash,  which  uses  hot  water 
heated  to  a  temperature  of  176°F. 

From  here  the  filled  and  capped  cans  pass  down  a  short  incline  to  the  foot  of  a 
continuous  rung  elevator  which  carries  them  up  to  the  distributing  point  located 
above,  and  at  one  end  of,  the  sterilizing  chamber.  Here,  by  means  of  a  rotating 
drum  with  eccentrically  placed  rails,  the  cans  are  sorted  into  three  lanes  and  pass 
into  the  top  section  of  the  sterilizer. 

The  hot-air  continuous  sterilizer,  which  has  now  been  approved  by  the  Swedish 
Farmers’  Association,  is  constructed  of  a  framework  of  teak  insulated  with  glass 
wool;  it  is  covered  on  both  sides  with  aluminum  plate.  It  is  divided  into  three 
parallel  sections,  each  of  which  is  filled  with  its  own  heating  and  exhaust  element. 

The  conveyors,  in  nine  continuous  and  descending  levels,  are  of  aluminum 
alloy  and  measure  24  metres  in  length.  The  containers  are  moved  along  them 
continuously  by  a  stainless  steel  chain  drive,  and  roll  down  the  tracks,  and  at 
each  turn  in  the  path  change  direction,  thus  permitting  the  rapid  and  even  trans¬ 
fer  of  heat. 

This  type  of  convection  heating  depends  for  its  success  upon  a  correct  flow  of 
hot  and  dry  air  travelling  at  about  10  metres/sec.  The  temperature  is  regulated 
fully  automatically  by  thermostats  coupled  to  thermometers.  Regulators,  which 
are  located  at  three  levels  on  one  side  of  the  chamber,  shut  off  power  in  the  event 
of  a  failure  in  routing  or  other  similar  emergency. 

On  entering  the  sterilizing  chamber,  the  temperature  of  the  cans  is  158°F.;  the 
temperature  in  the  chamber  is  293°F.  and  is  kept  fairly  constant  throughout  the 
packs’  journey.  The  sterilizing  time  is  15  minutes.  On  emergence,  the  tempera¬ 
ture  of  the  milk  is  about  253. 4°F.  Approximately  800  cans  can  be  accommodated 
in  the  sterilizer,  and  about  3,200  may  be  processed  in  one  hour. 

On  leaving  the  sterilizing  chamber,  the  containers  emerge  onto  a  triple-gang 
conveyor  and  are  carried  up  to  an  aluminum  chamber  with  plexi-glass  sides  for 
the  cooling  process. 

From  here  the  cans  travel  by  gravity  a  seven-level  route  similar  to  that  in  the 
sterilizing  chamber.  They  are  sprayed  continuously  by  mains  water  throughout 
their  10-minute  journey,  and  the  temperature  is  lowered  from  253.4  to  86°F. 
The  rate  of  spraying  can  be  regulated  according  to  the  needs  of  the  product  that 
is  being  processed. 


Artificially  Induced  Convection 

As  has  already  been  indicated,  movement  of  containers  during  proc¬ 
essing  is  effective  in  accelerating  the  transmission  of  heat  through  the 
artificial  production  of  convection  currents  where  convection  would  not 
otherwise  take  place  or  would  take  place  only  on  a  much-reduced  scale. 

The  rate  of  heat  penetration  into  some  products  is  practically  unaffected 
by  agitation  because  agitation  does  not  stir  the  product,  that  is,  it  does 
not  move  the  solid  particles  of  food  about  with  respect  to  each  other; 
examples  of  such  products  are  roast  beef  and  salmon.  Although  agitation 


PROCESSING  FOOD  FOR  STERILIZATION  89 

may  not  adversely  affect  the  quality  of  these  products,  no  appreciable 
benefit  is  gained  by  agitating  them  during  processing. 

A  further  discussion  on  the  control  of  convection  heating  in  practical 
heat  processing  of  canned  foods  will  be  found  in  Chap.  8,  starting  on 
page  254. 

Strata-Cook  Process 

A  method  of  speeding  up  the  sterilization  in  still  retort  processing  of 
products  consisting  of  a  mixture  of  discrete  particles  and  a  finely  divided 
component  in  a  liquid  such  as  water  or  brine,  which  was  developed  and 
put  into  commercial  use  within  the  past  few  years,  is  the  Strata-Cook 
process. 

This  process  is  applicable  provided  the  product  can  be  formulated  by 
assembling  the  three  components  of  the  product  in  the  container  in  a 
specified  manner  so  that  the  components  can  be  stratified  within  the  con¬ 
tainer  and  the  finely  divided  component  kept  separated  from  the  mixture 
of  discrete  particles  and  brine  during  the  heating  of  the  container  for 
sterilization. 

After  heating  has  been  accomplished,  the  finely  divided  component  is 
mixed  with  the  discrete  particles  and  brine,  either  by  shaking  the  sealed 
container  or  by  stirring  after  the  container  is  opened. 

The  discrete  particles  and  brine  occupy  more  than  half  of  the  volume 
of  the  container,  and  since  heat  is  transmitted  rapidly  into  this  portion 
of  the  contents  by  convection  currents  in  the  brine,  the  heating  of  the 
product  is  accomplished  much  more  rapidly  than  in  a  similar  product,  the 
components  of  which  have  been  mixed  prior  to  filling  into  the  container. 
Ball  [24]  describes  the  principle  of  the  method  as  follows: 


In  this  process,  effective  use  is  made  of  the  principle  that,  in  products  through 
which  heat  passes  by  means  of  conduction,  the  rate  of  flow  of  heat  is  affected  very 
little,  if  at  all,  by  a  wide  variation  in  moisture  content. 

During  the  application  of  heat  to  the  container,  the  temperature  rises  rapidly 
within  the  mass  of  kernels,  just  as  it  does  in  whole  kernel  corn,  because  the  heat 
is  carried  to  the  centre  of  the  can  by  convection  currents  in  the  brine.  Conse¬ 
quently,  the  temperature  also  rises  quite  rapidly  at  the  lower  face  of  the  layer  of 
concentrated,  finely  divided,  component. 

While  the  rate  of  heat  conduction  within  the  cream  is  low  it  does  not  take  long 

tilk^6^  t0.  thG  C6nter  °f  the  kyer  because:  (!)  layer  is  compara¬ 
tively  thin,  and  (2)  the  temperature  rises  rapidly  at  all  faces  of  the  layer  of  cream 

t  he  interior  of  the  cream  layer  is  the  last  point  in  the  container  to  receive  suffi- 
1  lent  heat  to  accomplish  sterilization.  See  Fig.  2.13a. 

The  method  saves  from  40  to  75  per  cent,  in  sterilizing  time  comnared 
to  that  required  for  premixed  products.  (See  Fig.  2.136  )  Requiring  as 
additional  equipment  over  that  used  conventionally,  only  extra  fillers  for 
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the  finely  divided  component,  this  method  of  processing,  at  comparatively 
small  expense,  yields  a  product  of  markedly  improved  nutritive  and 
organoleptic  quality. 

The  name  of  this  process,  originally  Cremogevac,  was  changed  in  1950 
to  Strata-Cook.  It  is  described  in  U.S.  Patents  2,502,196  [83]  and 
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Fig.  2.13a.  Strata-Cook.  Patterns  of  heat  flow  and  of  distribution  of  lethal  values  in 
vertical  planes  passing  through  centers  of  No.  2  cans  of  Strata-Cook  corn  and  pre¬ 
mixed  cream-style  corn,  (a)  Sealed  can  is  inverted  for  processing  (desirable  but  not 
necessary).  ( b )  Heat  flows  into  product  by  convection  and  conduction.  ( c )  In 
premixed  cream  corn  there  is  no  convection.  ( d )  In  No.  2  cans,  Strata-Cook  corn 
is  sterilized  in  46  min  at  250°F.  Numerals  indicate  per  cent  of  lethal  heat  reaching 
different  points,  (e)  But  after  46  min  at  250°F,  only  7  per  cent  of  lethal  heat  has 
reached  center  of  No.  2  can  of  premixed  cream-style  corn.  (/)  So  it  takes  74  min 
at  250°F  to  bring  center  of  premixed  cream-style  corn  to  100  per  cent  lethal  heat, 
overprocessing  other  parts.  ( Food  Industries.) 


2,502, 1 97  [84].  The  process  is  used  commercially  on  corn,  and  the  technic 
of  applying  it  to  several  formulated  meat  products  has  been  developed  [26]. 

Further  discussion  of  the  means  of  obtaining  improved  quality  through 
scientific  retort  manipulation,  which  brings  about  rapid  rise  of  tempera¬ 
ture  in  the  retort,  rapid  cooling  of  the  containers,  and  uniform  treatment 
of  the  containers  throughout  the  process,  will  be  found  in  the  literature 
already  cited,  as  well  as  in  the  writings  of  Bigelow  [28],  Dillman  [38], 


PROCESSING  FOOD  FOR  STERILIZATION 

'lannery  [39],  Gammon  [41],  Harrison  [43],  and  anonymous  writers  in 
'he  Conner  [5]  and  Food  [11].  On  the  subject  of  cooling  alone,  there  is  a 
rofusion  of  published  information,  most  of  which  pertains  to  the  technic 
f  cooling  containers  under  pressure.  Among  those  publications  are 
hose  of  Chambellan,  Cheftel,  and  Thuillot  [34],  Continental  Can  Com- 
any  [36,37],  Locke  [48],  Vaughn  [90],  Wiegand  [91],  Baker  [15],  and  an 
nony mous  writer  in  Food  Manufacture  [8]. 


Time,  min 


'ig.  2.136.  Strata-Cook.  Curves  showing  comparison  of  rates  of  heat  penetration  of 
trata-Cook  corn  with  those  of  premixed  cream-style  corn.  {Food  Industries.) 


RELATION  BETWEEN  PROCESSING  TEMPERATURE,  HEAT  PENETRATION, 

AND  QUALITY 

We  take  occasion  here  to  recall  the  fact  that  foods  that  have  a  high 
ate  of  heat  penetration,  whether  it  be  produced  by  natural  or  artificially 
nduced  convection  currents,  will  usually  have  better  quality  after  proc- 
■ssing  if  they  are  sterilized  at  temperatures  in  the  higher  range,  e.g.,  above 
!50°F,  than  they  will  if  sterilized  at  a  lower  temperature.  Conversely, 
irticles  having  slow  heat  penetration  will  usually  have  better  quality  after 
irocessing  if  they  are  sterilized  at  a  temperature  below  250°F.  Further- 
nore,  foods  having  rapid  heat  penetration  will  usually  have  better  quality 
ifter  being  sterilized  at  a  high  temperature  than  will  foods  having  slow 
leat  penetration  after  being  sterilized  at  a  low  temperature. 

Principle  of  High-short  Sterilization 

From  these  facts,  we  are  led  to  the  conclusion  that,  by  increasing  the 
•ate  of  heat  penetration  into  a  food  that  is  impaired  in  quality  by  the 


92 


STERILIZATION  IN  FOOD  TECHNOLOGY 


ordinary  sterilizing  process  and  by  raising  the  processing  temperature,  \ve 
shall  improve  the  quality  of  the  finished  product.  We  conclude  also  that, 
within  practical  limits,  the  amount  of  improvement  will  be  in  proportion 
to  the  increase  in  rate  of  heat  penetration  and  the  increase  in  tempera¬ 
ture,  that  is,  the  higher  the  rate  of  heat  penetration  and  the  higher  the 
processing  temperature,  the  better  will  be  the  quality  of  the  processed 
product. 

The  rate  of  heat  penetration  of  whole-grain  corn,  for  example,  is  quite 
high,  especially  in  the  smaller  cans.  Whole-grain  corn  in  No.  1  cans, 
better  in  quality  than  most  of  today’s  commercially  canned  corn,  could 
be  produced  by  processing  at  300°F  instead  of  at  the  usual  240  or  250°F. 
Processing  at  300°F  would  be  satisfactory  if  the  retort  or  continuous 
cooker  were  made  to  withstand  the  high  pressure  required  and  the 
manipulation  of  the  process  were  faultless. 

We  find  ourselves  now  delving  into  the  principle  of  high-short  sterili¬ 
zation,  of  which  there  was  prophetic  utterance  as  far  back  as  1898,  but 
toward  the  commercial  use  of  which  progress  has  been  reasonably  slow. 

Definition  of  High-short  Sterilization 

High-short  sterilization  of  foods  is  sterilization  by  heat  applied  for 
times  ranging  from  a  few  seconds  to  a  few  minutes.  It  seems  to  the 
authors  that  it  is  reasonable  to  set  6  min  as  the  maximum  length  of 
heating  time  for  a  high-short  process.  High-short  sterilization  implies 
heat  penetration  so  rapid  that,  to  obtain  it,  the  food  must  either  be  heated 
in  bulk  or  in  containers  that  are  kept  in  violent  agitation.  Bulk  heating 
may  be  done  either  by  steam  or  hot  water  passing  directly  into  the  food 
or  by  indirect  heating  of  the  food  in  thin  layers  which  are  usually  in 
agitation.  In  some  high-short  methods  the  food  is  heated  after  it  is  in 
the  can  but  before  the  can  is  sealed.  For  low-acid  foods  a  high  processing 
temperature,  e.g.,  260°F,  is  necessary.  This  requirement  is  in  accordance 
with  the  principle,  previously  expressed,  that  higher  temperatures  have 
less  effect  in  quality  impairment  in  proportion  to  their  lethal  power  than 
lower  temperatures  have. 

According  to  the  procedure  in  heating,  filling,  and  sterilizing  food, 
high-short  sterilization  methods  are  classified  as  of  five  types: 

1.  Food  heated  but  not  completely  sterilized  before  it  is  put  into  the  can 

2.  Food  completely  sterilized  before  it  is  put  into  the  can 

3.  Food  heated  in  the  can  before  sealing,  with  sterilization  completed 
after  sealing 

4.  Food  heated  in  the  can  and  completely  sterilized  before  sealing 

5.  Food  heated  in  the  can  after  sealing 

Under  type  2  operation  with  low-acid  food,  unless  the  can  is  sterilized 
before  it  is  filled  and  the  cover  is  sterilized  before  it  is  sealed  onto  the  can, 
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tie  food  must  be  at  high  temperature  when  the  can  is  sealed,  and  it  must 
e  maintained  at  high  temperature  a  sufficient  length  of  time  to  sterilize 
le  inside  of  the  can.  To  accomplish  this  the  food  itself  must  be  sub- 
>cted  to  a  double-sterilization  treatment.  The  first  part  of  this  treat- 
lent  sterilizes  the  food  before  it  is  put  into  the  can,  and  the  second  part 
;erilizes  the  can  after  it  is  sealed.  If  the  double-sterilization  treatment 
f  the  food  is  to  be  avoided,  the  can  and  cover  must  be  presterilized. 
Under  the  other  four  types  of  operation,  presterilization  of  the  can  and 
)ver  is  not  required. 

Relative  Advantages  of  High-short  Sterilization  Methods 

High-short  sterilization  by  methods  that  require  a  portion  of  the  steri- 
zing  action  to  be  exerted  after  the  food  is  sealed  in  the  container  (types  1 , 

,  and  5)  has  two  disadvantages  when  compared  with  methods  in  which 
le  food  is  completely  sterilized  before  it  is  put  into  an  already  sterile 
mtainer  (type  2)  or  in  which  the  food  is  sterilized  and  cooled  in  the  can 
efore  sealing  (type  4).  One  of  these  disadvantages  lies  in  the  fact  that 
1  cooling  of  the  food  after  sterilization  must  take  place  in  the  sealed 
mtainer,  and  with  certain  foods  in  large  containers  special  steps  must 
e  taken  to  ensure  that  cooling  will  be  sufficiently  rapid  to  prevent  loss 
quality  due  to  prolonged  heating.  The  other  disadvantage  lies  in  the 
lechanical  difficulty  of  sealing  the  container  under  high  pressure  when 
le  food  is  at  a  high  temperature. 

On  the  other  hand,  these  methods  have  certain  advantages  over  those 
l  which  sterilization  of  the  food  is  completed  before  the  food  is  put  into 
le  container.  The  equipment  for  treating  the  food  prior  to  filling  is 
mplei ,  the  container  and  cover  do  not  have  to  be  completely  sterilized 
efore  receiving  the  food,  the  filling  and  sealing  of  the  container  do  not 
ave  to  take  place  under  aseptic  conditions,  and  equipment  for  filling  and 
valing  can  be  of  conventional  type. 


Experimental  Work  in  High-short  Sterilization 

Extensive  experiments  in  high-short  sterilization  have  included  four  of 
ie  five  methods  (excepting  type  4)  and  many  food  products,  including 
/aporaled  milk,  whole  milk,  cream-style  corn,  whole-grain  corn,  chop 
ley,  peas,  diced  vegetables,  cereals,  and  fruits. 

In  a  development  project  in  which  several  types  of  technic  are  studied 

m  U  T*yS  at  tre"d’  °r  gravltational  movement,  toward  use  of  the 
pe  of  technic  that  has  the  greatest  number  of  points  in  its  favor  In 

■chnictaTbr  °f  hlghi1°rt  Steri'ization  methods,  as  equipment  and 
cnmc  have  been  improved,  a  natural  trend  has  been  tmvnr.l  tu  , 
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cable  to  practically  all  types  of  food.  They  provide  the  means  of  using 
a  shorter  heat  treatment  than  other  methods  and  consequently  produce 
the  least  change  in  color  and  flavor.  All  the  different  types  of  food 
mentioned  above  have  been  packed  by  these  methods. 

Nearly  all  of  these  foods,  especially  milk,  corn,  chop  suey,  and  cream 
soups,  after  sterilization,  are  of  outstanding  quality — practically  equal  in 
color,  flavor,  and  texture  to  the  nonsterilized,  or  plain,  home-cooked  foods. 

A  major  development  in  methods  resulted  from  work  with  evaporated 
milk  [27].  This  product  was  packed  by  four  methods  (excepting  type  4) 
with  the  use  of  heating  periods  ranging  from  less  than  30  sec  to  more  than 
5  min  and  with  sterilizing  temperatures  ranging  from  250  to  300°F. 

Foods,  such  as  meat  and  fish,  that  are  packed  in  large,  solid  pieces  are 
not  adapted  to  high-short  sterilization  by  methods  in  which  the  heat  is 
applied  to  the  food  externally.  The  only  methods  of  high-short  sterili¬ 
zation  that  might  be  used  successfully  with  such  foods  are  those  in  which 
lethal  energy  can  be  generated  within  the  food  tissues,  as  by  electrical 
heating. 

Studies  in  which  more  than  a  half  million  cans  were  packed  definitely 
established  the  applicability  of  the  high-short  sterilization  principle  to 
liquiform  and  discrete  particle-form  foods  to  produce  improved  quality. 
Sterile  products  are  produced,  most  of  which  possess  greatly  improved 
color  and  flavor  as  compared  with  the  regular  commercial  products.  The 
only  questions  remaining  to  be  answered  pertain  to  economic  feasibility, 
mechanical  practicability,  and,  in  the  case  of  some  foods,  the  chemical 
and  physical  stability  in  storage,  which  affects  the  preservation  of  the 
quality  that  is  present  immediately  after  sterilization.  Prominent  exam¬ 
ples  of  foods  with  which  the  last  problem  is  a  factor  are  peas,  milk,  and 
fruit  juices.  These  foods  are  inclined  to  deteriorate  in  quality  with  con¬ 
siderable  rapidity  during  storage,  owing  to  chemical  or  physical  instability. 
Most  of  the  other  foods  studied  retain  their  excellent  quality  through  a 
long  period  of  storage. 

Commercial  Use  of  High-short  Sterilization 

Acid  Foods.  In  the  United  States  high-short  sterilization  is  applied  in 
commercial  canning  principally  to  fruit  juices,  although  whole  milk, 
evaporated  milk,  formulated  milk  drinks,  and  soup  are  now  being  packed 
in  limited  quantity.  It  has  gained  recognition  as  an  indispensable  adjunct 
to  deaeration  in  the  production  of  the  finest  quality  in  fruit  juices. 
Marsh  [54]  presented  convincingly  the  reasons  for  popularity  of  the 
high-short  method  in  this  field. 

The  operation  with  fruit  juices  is  under  types  1,  4,  and  5.  In  type  1 
operation  the  juice  is  first  heated  and  may  be  partially  cooled  before 
iilling  into  cans  that  have  not  been  presterilized,  but  it  is  filled  at  such  a 
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emperature  that  the  can  and  cover  will  be  sterilized  by  heat  from  the 
nice.  The  stored  heat  will  also  complete  the  sterilization  of  the  juice 
-self,  if  it  is  not  completed  before  filling.  In  type  4  operation  a  can 
Laving  a  valve  member  in  one  end  is  used,  such  as  that  devised  by  Fenn. 
n  type  5  operation  any  heating  mechanism  that  agitates  the  can  violently 
s  used. 

Low-acid  Foods.  Until  after  World  War  II,  writers  were  chary  of 
eferring  to  the  application  of  high-short  methods  to  the  sterilization  of 
ow-acid  food  products.  Perhaps  the  reason  is  that  few  persons  except 
nventors  and  promoters  had  been  keenly  interested  in  the  subject, 
nventors  and  promotors,  as  a  rule,  are  not  inclined  to  publish  what  they 
mow,  except  in  patent  form,  until  they  have  carried  their  processes 
>eyond  the  purely  experimental  stage.  Consequently,  until  recent  years, 
nost  printed  matter  pertaining  to  the  subject  of  high-short  sterilization 
>f  low-acid  canned  foods  consisted  of  either  patents  or  prospectus  adver- 
isements  issued  by  promoters.  A  few  prophetic  statements  can  be  found, 
lowever,  in  writings  other  than  patents. 

Nelson  [58]  stated,  “The  ‘ flash ’  methods  for  sterilizing  liquids  probably 
nost  closely  approach  the  ideal  heating  method  and  have  been  found  to 
)e  very  satisfactory  for  some  products.  The  disadvantage  of  the  methods 
s  that  the  sterilized  product  must  be  filled  into  sterile  containers  without 
>eing  subjected  to  recontamination  by  spoilage  organisms.”  Nelson 
herein  stated  the  principal  reason  for  delay  by  the  industry  in  initiating 
he  commercial  application  of  high-short  sterilization  to  low-acid  foods, 
lotwith standing  the  fact  that  it  has  been  used  for  acid  foods  for  many 
'ears.  Although  it  is  not  necessarily  true  that  the  food  must  be  filled 


nto  sterile  containers,  the  difficult  part  of  the  mechanical  problem  is 
n-esent  no  matter  what  type  of  operation  is  followed.  The  surest  way 
o  maintain  aseptic  conditions  in  filling  and  sealing  the  containers  is  to 
arry  out  these  operations  under  pressure  greater  than  that  of  the  atrnos- 
)here.  When  superatmospheric  pressure,  maintained  by  a  sterile  vapor 
>r  gas,  is  not  used,  bacterial  spores  may  gain  access  to  the  interior  of  the 
iHing  and  sealing  enclosure.  If  such  spores  are  not  destroyed  instantly 
ipon  entrance  into  the  enclosure,  they  might  be  deposited  in  food  being 
filed,  or  onto  the  inside  surface  of  a  container  or  a  cover  entering  the  filler 
>r  the  closing  machine,  and  cause  spoilage  of  the  food  at  a  later  time. 

The  Martin  system  of  sterilization,  described  later  in  this  chapter, 
>perates  with  a  mixture  of  saturated  steam  and  flue  gases  at  atmospheric 
pressure  in  the  filling  and  sealing  enclosure.  These  gases  are  maintained 
it  a  temperature  of  from  400  to  500°F,  at  which  temperature  these  gases 
tre  said  to  destroy  resistant  spores  in  about  15  sec.  Inasmuch  as  the 
mclosure  is  held  under  atmospheric  pressure,  the  containers  and  covers 
lo  not  have  to  pass  through  valves  in  entering  and  leaving  the  enclosure 
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In  other  systems  of  high-short  processing,  superatmospheric  pressure  is 
maintained  around  the  filling  and  sealing  operations,  either  to  prevent 
boiling  of  the  food  when  filled  at  high  temperature  or  to  ensure  that  filling 
and  sealing  are  done  under  aseptic  conditions. 

In  recent  years,  several  high-short  canning  systems  have  achieved  con¬ 
siderable  success  commercially  on  certain  foods.  Four  such  systems  will 
be  described. 


The  HCF  Process 

The  HCF  process  was  named  by  putting  together  the  initial  letters  of 
the  three  words  “  heat-cool-fill, ”  which  describe  the  procedure  followed  in 
the  process.  Ball  [21]  describes  this  process  by  stating  that  it  “provides 
for  the  operations  of  sterilizing  empty  containers,  sterilizing  and  cooling 
covers  for  the  containers,  sterilizing  a  food  material  in  bulk,  putting  the 
sterilized  food  into  the  sterilized  containers,  and  applying  the  sterilized 
covers  to  seal  the  containers.  All  operations  in  handling  the  sterilized 
objects  until  after  the  containers  are  sealed  are  performed  under  aseptic 
conditions,  which  are  maintained  in  closed  chambers  by  the  presence  of 
steam  under  a  pressure  greater  than  that  of  the  outside  atmosphere.” 

In  practice,  sterilization  has  been  accomplished  entirely  by  heat  through 
indirect  use  of  saturated  steam  in  a  heat  exchanger  through  which  the 
product  flows  continuously;  thereafter,  the  product  is  cooled  while  flowing 
through  a  similar  heat  exchanger  in  which  water  is  the  cooling  medium. 
If  the  cooling  prior  to  filling  is  not  all  that  is  required  for  the  final  product, 
a  final  stage  of  cooling  is  carried  out  on  the  sealed  containers. 

The  aseptic  conditions  in  which  the  containers  are  filled  and  sealed  are 
created  by  maintaining  a  positive  pressure  of  about  2  to  3  psi  either  by 
means  of  saturated  steam  alone  or  a  mixture  of  saturated  steam  and 
sterile  gas,  which  fills  a  chamber  in  which  the  filling  and  sealing  are  carried 
out. 

Containers  and  covers,  previously  sterilized  with  saturated  steam,  are 
introduced  into  the  chamber  through  rotary  pocket  valves,  all  surfaces 
of  which  are  kept  continuously  sterile  by  protecting  them  from  contact 
with  outside  atmosphere.  The  walls  of  the  filling-sealing  enclosure  have 
substantial  strength  to  make  possible  the  sterilization  of  the  interior  of 
the  enclosure  with  steam  under  pressure  of  20  psi  or  more  prior  to  operation 
of  the  equipment. 

In  1938,  the  HCF  process  went  into  commercial  use  in  processing  a 
chocolate-flavored  milk  beverage,  and  the  process  has  been  used  continu¬ 
ously  on  that  product.  In  the  sterilizing  process,  the  product  is  heated 
to  300°F  in  less  than  15  sec  and  is  cooled  immediately.  A  most  desirable 
quality  is  obtained  in  a  product  which  is  rendered  unacceptable  when 
sterilized  in  a  conventional  manner,  two  canning  lines  are  now  used, 
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ach  capable  of  turning  out  300  8-oz  cans  per  min.  The  process 

5  described  in  U.S.  Patent  2,029,303  [81]. 

A  special  treatment  of  the  cocoa  material  was  found  to  be  necessaiy  in 
rder  to  render  the  cocoa  free  from  viable  spores  of  microorganisms  which 
roliferate  in  various  constituents  of  cocoa  before  the  product  is  formu- 
ited.  This  treatment  is  covered  by  U.S.  Patent  2,396,265  [82]. 

Inasmuch  as  this  operation  has  been  commercially  successful,  curiosity 
;  naturally  aroused  in  the  minds  of  those  who  are  interested  in  this  sort 
f  process  as  to  why  the  use  of  the  HCF  process  has  not  expanded  to 


In'  c?™'  jf  CF  Unit'  .  AsePtic  canning  chamber,  with  accessories,  known  as  Canco 
Ju  C-G  aseptic  unit.  ( American  Can  Co.) 


lclude  other  products.  With  experimental  equipment  during  the  devel- 
pment  of  this  processing  procedure,  demonstrations  were  made  of  vastly 
iperior  quality  in  dairy  products,  vegetable  purees,  cream-style  corn, 
nd  other  products  when  sterilized  and  canned  by  the  HCF  process  as 

:>mpared  with  the  quality  of  these  same  products  canned  and  sterilized 
y  conventional  methods. 

A  commercial  operation,  which  continued  for  only  a  few  months  was 
irned  out  in  1948  on  strained  vegetables,  which  were  packed  in  cans  of 
hout  1-lb  capacity.  This  operation  was  successful  mechanically  except 
at  the  heat  exchanger  used  for  sterilizing  the  product  was  reported  not 
have  given  entirely  satisfactory  results,  and  it  was  said  that  this  diffi- 

"tabiishT  t  Tf  a  mr  Pr°blem  encou»tered  in  attempting  to 
itablish  a  market  for  vegetable  purees  in  a  field  other  than  that  of  baby 
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foods,  caused  suspension  of  the  operation.  However,  it  seems  to  be  gen¬ 
erally  believed  that  the  requirement  of  highly  specialized  equipment  ful¬ 
filling  and  sealing  the  containers,  which  is  quite  costly,  is  the  main  factor 
that  has  retarded  expansion  in  the  use  of  the  HCF  process.  Two  other 
factors  also  tend  to  retard  an  expansion  of  the  use  of  this  process.  First, 
the  equipment  is  inflexible  in  respect  to  size  of  can;  second,  if  a  jam  occurs 
within  the  pressure  enclosure,  at  least  1}4  hr  is  consumed  in  clearing  it 
and  getting  back  into  operation. 

The  Avoset  Process 

The  Avoset  process  went  into  use  on  a  physically  stabilized  cream 
product  called  Avoset,  in  about  1942.  This  resembles  the  HCF  process 
in  principle,  but  in  operation  it  differs  in  that  there  is  no  positive  control 
of  atmospheric  conditions  surrounding  the  filling  and  closing  operations. 
These  operations  are  carried  out  in  an  air-conditioned  room  at  atmos¬ 
pheric  pressure,  the  atmosphere  of  which  has  direct  contact  with  the  out¬ 
side  atmosphere  at  an  opening  in  the  wall  of  the  room  through  which  the 
containers,  after  sealing,  are  discharged  by  conveyor  into  the  outside 
atmosphere.  Moving  parts  of  the  conveyor  may  carry  some  bacteria 
into  the  filling  and  sealing  room,  but  an  outward  flow  of  air  through  this 
opening  is  maintained,  which  protects  from  entrance  of  air  from  outside 
the  room. 

Sterilization  of  the  product  is  conducted  in  heating  and  cooling  tanks 
which  are  part  of  a  sterilizing  system  originated  by  George  Grindrod.  In 
this  system,  the  food  is  heated  by  saturated  steam  in  high-velocity  jets 
which  are  directed  into  the  product.  The  steam  injectors  usually  operate 
at  pressure  between  35  and  55  psi  within  vertical  cylindrical  chambers, 
through  which  the  product  is  forced  continuously  by  pumps.  After  the 
product  attains  its  maximum  sterilizing  temperature  (usually  between 
260  and  280°F),  it  is  held  without  cooling  for  a  sufficient  length  of  time 
to  complete  the  sterilization  of  the  product. 

When  sterilization  is  completed,  the  product  is  forced  by  pressure  into 
an  evaporator  where  it  is  condensed  to  the  desired  proportions  and  cooled 
to  the  proper  temperature  for  homogenization.  After  being  homogenized, 
the  product  is  filtered,  and  cooling  is  then  completed  in  a  heat-exchange 
type  of  cooler,  from  which  it  is  pumped  into  holding  tanks,  vents  of  which 
are  protected  by  ultraviolet  lamps. 

From  the  holding  tank,  the  product  flows  by  gravity  to  the  filler,  the 
atmosphere  around  which  is  air  that  has  been  treated  to  remove  bacteria 
and  which  is  further  protected  by  means  of  ultraviolet  lamps. 

In  the  Avoset  operation,  for  a  number  of  years,  containers  were  steii- 
lized  by  means  of  saturated  steam  in  retorts,  mounted  so  as  to  extend 
through  the  wall  of  the  filling  and  closing  room.  Each  end  of  the  retoit 
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was  fitted  with  a  door.  The  retort  was  loaded  from  the  outside,  and  the 
sterilized  containers  were  discharged  inside  the  room  by  opening  the  inside 


end  of  the  retort. 

This  method  of  sterilizing  containers  was  discarded  in  favor  of  presently 
used  hot-air  sterilization  of  continuously  moving  containers  which  are 
discharged  from  the  continuous  sterilizer  into  the  filling  and  closing  room. 
Since  glass  containers  are  used,  it  is  unnecessary  to  limit  the  maximum 
temperature  of  the  sterilizing  air  to  a  temperature  below  that  at  which 
solder  on  cans  would  be  softened. 

Closures  for  the  containers  are  sterilized  in  retorts  in  a  manner  like  that 
described  above  for  the  containers.  Operation  is  carried  on  at  a  rate  of 
from  75  to  100  8-oz  bottles  per  minute.  This  operation  has  been 
successful  in  producing  commercially  a  cream  product  of  outstanding 
organoleptic  quality  and  has  led  to  the  establishment  of  a  second  plant. 


The  Martin  Process 


The  development  of  the  Martin  process  was  begun  during  World  War 
II,  the  first  commercial  installation,  involving  a  unit  with  a  production 
capacity  of  GO  11-oz  cans  per  minute,  being  put  into  operation  in  1950. 

The  product  is  sterilized  and  cooled  in  the  same  manner  as  in  the  HCF 
process;  it  is  in  the  sterilization  of  containers  and  in  filling  and  sealing 
that  the  Martin  process  differs  from  the  HCF  process,  the  former  employ¬ 
ing  superheated  steam  at  atmospheric  pressure  instead  of  saturated  steam 
under  higher  pressure.  Martin  describes  the  fundamental  steps  of  his 
process  in  these  words: 


The  canning  procedure  consists  of  four  separate  operations  which  are  carried 
-nit  simultaneously  in  a  closed  interconnected  system  as  a  continuous  process. 
The  operations  are:  (1)  sterilization  of  the  product  under  pressure  at  a  high  tem- 
aerature  by  quickly  heating,  holding,  and  cooling  it  in  a  continuous-flow  type 
pressure  cooker;  (2)  sterilization  of  the  containers  and  covers  with  superheated 
steam  or  other  hot  gas;  (3)  filling  of  the  cold  sterile  product  into  the  sterile  con- 
taineis,  and  (4)  aseptic  sealing  of  the  containers  with  sterile  covers. 

The  various  operations  are  synchronized  mechanically  so  that  the  raw  prod- 
ict  containers,  covers  and  finished  canned  product  move  through  the  system 
nthout  interruption.  The  product  is  maintained  under  pressure  throughout  the 
ter, hzafon  process  and  the  filling  and  sealing  operations  are  carried  out  i„  an 
itmospheie  of  superheated  steam  or  other  sterile  inert  gas. 

mneraTtvpla'heef(Wit!l  CUSt°mary  procedure  ™th  all  processes  of  this 

*hiXk  f  ^  e  pr0cess  18  used’  al1  s,,rfaces  of  equipment  from 

nterior  of  the  C0"ta"'‘natl0n  mi8ht  enter  the  food,  are  sterilised  '  The 
ntorioi  Of  the  product  heater  is  sterilized  with  either  water  <,  ,  . 

.earn  at  a  temperature  which  is  usually  above  260^^^ 
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Fig.  2.15.  Factory  layout  for  Martin  aseptic  canning  system.  ( James  Dote  Engineering  Co.) 
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canning  equipment,  as  well  as  the  sterilizers  for  containers  and  container 
closures,  are  simultaneously  sterilized  with  superheated  steam  or  other 
gas  at  400  to  600°F. 

The  Martin  process  has  been  designed  for  use  with  liquid  products  only. 
The  product  heater  is  of  the  tubular  type,  and  the  filler,  as  described  by 
Martin,  “consists  of  a  rectangular  enclosure  through  which  the  cans  are 
conveyed  continuously  in  a  straight  line  beneath  a  slit  type  filling  nozzle.” 
Martin  reports  that  “spillage  is  almost  completely  eliminated  by  the 
overlapping  flanges  of  the  cans  as  they  pass  beneath  the  filler  slit.” 

Information  available  on  the  time  and  temperature  conditions  necessary 
for  sterilizing  empty  containers  by  means  of  saturated  steam  was  extensive 
even  before  the  Martin  process  was  developed.  This  information,  how¬ 
ever,  could  not  be  applied  to  sterilization  by  means  of  superheated  steam ; 
therefore,  to  ascertain  the  combination  of  time  and  temperature  necessary 
when  superheated  steam  is  used,  Martin  conducted  extensive  experimental 
packing  tests,  in  which  cans  and  covers  were  inoculated  with  spore  suspen¬ 
sions  of  organism  PA-3679  and  Flat  Sour  organism  1518,  supplied  by  the 
NCA.  He  published  data  resulting  from  these  tests,  also  a  list  of 
combinations  of  time  and  temperature  which  were  found  to  be  effective. 

With  the  use  of  pilot  equipment,  the  Martin  process  has  been  shown  to 
be  capable  of  producing  sterilized  food  of  32  different  varieties,  having 
much  better  flavor  and  color  than  control  samples  processed  by  conven¬ 
tional  methods.  U.S.  Patent  2,685,520  [89]  covers  this  process. 


The  Smith-Ball  Process 

A  startlingly  different  adaptation  of  high-short  sterilization  principles 
is  found  in  a  new  process,  known  as  the  Smith-Ball  process,  which  was 
developed  by  Horace  L.  Smith,  Jr.,  and  C.  Olin  Ball  [72], 

Designed  to  operate  under  20  psi,  the  plant  used  in  the  Smith-Ball 
process  offers  many  possible  advantages  in  the  canning  of  foods.  At  this 
pressure,  water  boils  (or  steam  condenses)  at  259°F.  Thus,  the  food  may 
be  put  into  the  containers  at  259°F,  or  less,  without  boiling.  The  entire 
room,  with  its  equipment,  may  be  sterilized  at  the  end  of  a  day’s  operation 
usnig  steam  at  15  to  20  lb  pressure,  or  units  of  equipment  may  be  steri- 

2.WF  7  R0t7arr  'mmerf™  within  the  room  any  temperature  up  to 
.  sterilization  of  the  room  and  ecpupment  is  not  necessary  how- 

such  aseiTa„r"m‘nS  °PCrati°n  f0"0"'inS  *  Shut-down  due  to  “ouble, 

The  necessary  conditions  for  the  canning  operations  of  this  process  are 
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product  heater  which  is  separate  from  the  steel  canning  room, 
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(Fig.  2  16a),  heating  the  product  very  quickly  and  uniformly  by  means  of 
live  steam  under  high  pressure  to  a  temperature  of  from  280  to  300°F 

2.  Discharging  the  product  from  the  heater  and  quickly  cooling  the 
product  to  from  250  to  255°F 

3.  Filling  the  product  at  a  temperature  of  250  to  255°F  into  containers 
which  have  been  previously  subjected  to  live  steam  under  20  psig  pressure 
for  sterilization 


Fig.  2.10a.  Smith-Ball  process.  Decompression  chamber  at  the  near  end  of  the  pressure 
shell  and  the  product  heater  on  the  balcony  above  the  shell.  ( Food  Processes,  Inc.) 


4.  Sealing  the  containers  with  covers  which  have  been  previously 
subjected  to  live  steam  under  20  psig  pressure  for  sterilization 

5.  Holding  the  sealed  containers  of  food  before  cooling  for  a  sufficient 
length  of  time  to  effect  destruction  of  any  microorganisms  which,  through 
fortuitous  circumstances,  have  been  viable  in  the  food  at  the  time  of 
filling,  regardless  of  whether  these  microorganisms  are  the  residue  of  the 
organisms  originally  present  in  the  raw  product  or  are  contaminants 

which  enter  during  filling 

6.  Cooling  the  cans 
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The  heat  treatment  of  the  product  in  the  product  heater  is  sufficiently 
severe  to  destroy  all  spoilage  organisms  in  the  food  except  an  occasional 
one,  and  sanitation  measures  within  the  steel  canning  room  are  adequate 
to  prevent  more  than  an  occasional  microorganism  from  gaining  access 
to  the  food  when  it  is  put  into  the  containers.  Ultrasanitary  conditions 
within  the  steel  room  are  maintained  through  sterilization  of  the  room 
and  its  equipment  with  saturated  steam  during  idle  periods  and  through 
filtration  of  the  air  which  is  supplied  to  the  room  by  air-conditioning 
equipment  during  canning  operations.  As  an  additional  precaution, 
open  containers  of  food,  until  time  of  sealing,  are  shielded  by  canopies, 
within  which  an  atmosphere  of  steam  is  held.  Thus,  for  the  first  time  in 
a  commercial  food-canning  process  which  does  not  require  aseptic  filling 
of  containers,  an  ultrasanitary  condition  is  maintained  in  the  food  plant 
by  positive  means. 

Comfortable  working  conditions  for  the  operators  are  maintained  by 
supplying  conditioned  air  continuously  to  the  room  during  operation. 

The  operators,  in  entering  or  leaving  the  canning  room,  must  experience 
either  an  increase  or  a  decrease  of  20  psi  pressure  in  the  atmosphere  sur¬ 
rounding  them.  In  entering  and  leaving  the  canning  room,  the  operators 


pass  through  a  small  anteroom,  known  as  an  air  lock,  in  which  they  remain 
long  enough  to  allow  the  atmospheric  pressure  to  be  either  increased  to 
the  pressure  of  the  canning  room  or  decreased  slowly  to  the  pressure  of 
the  outside  atmosphere.  A  person  entering  the  pressure  chamber  can 
increase  the  pressure  at  any  rate  desired  without  experiencing  any  ill 
effects  physiologically.  A  period  up  to  10  min  may  be  required  for  decom¬ 
pression,  however,  in  order  to  allow  time  for  the  blood  to  give  up  excess 

dissolved  nitrogen  through  the  lungs. 

The  Smith-Ball  process  is  protected  by  U.S.  Patents  2,541,113  [86], 

2,639,991  [87],  and  2,660,513  [88]. 


Prospects  for  Immediate  Future 

High-short  sterilization  of  low-acid  foods  by  heat  is  on  the  threshold  of 
a  period  of  rapid  development.  This  means  that  one  ol  the  most  intei- 
esting  periods  in  all  the  history  of  food  processing  is  just  ahead,  and  it 
will  be  made  doubly  interesting  should  this  development  be  accomphshe 
by  practical  application  of  high-frequency  electrical  heating. 
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CHAPTER  3 


FOUNDATION  OF  FOOD  PROCESS 
CALCULATION  METHODS 


In  the  chapters  following  this  one  will  be  found  a  historical  discussion  of 
methods  of  evaluating  canned-foods  processes.  The  earlier  chapters  will 
elucidate  the  mathematical  background  of  the  methods  that  have  been 
developed  and  used  during  the  past  thirty-five  years  and  the  principles 
upon  which  the  methods  are  based.  Later  chapters  will  describe  the 
working  procedures  of  the  methods. 

As  one  would  expect,  constant  refinement  and  improvement  of  pro¬ 
cedures  have  marked  these  methods  during  their  years  of  use.  Until 
very  recent  years,  proposed  improvements  have  met  with  generally  har¬ 
monious  reception.  Within  the  last  seven  or  eight  years,  however,  some 
differences  in  viewpoint  have  been  expressed  as  to  what  should  be  regarded 
as  a  sound  principle  in  respect  to  distribution  of  lethal  effect  within  a 
container  of  food  and  to  the  significance  of  this  distribution  as  a  criterion 
of  sterilization  of  the  food.  We  believe  that  a  discussion  of  logic  in  con¬ 
nection  with  the  fundamental  elements  related  to  this  subject  should  be 
given  before  we  embark  upon  the  historical  treatment  of  our  subject. 


Probability  of  Survival  of  Microorganisms 

In  C  hap.  15  is  an  exposition  of  a  mathematical  procedure  for  evaluating 
processes  with  the  number  of  surviving  microorganisms  per  container 
serving  as  the  criterion  of  sufficiency  of  heat  treatment. 

Two  separate  aspects  of  that  type  of  method,  which  are  to  a  consider¬ 
able  extent  independent  of  one  another,  have  recently  been  subjected  to 
extensive  discussion  by  workers  in  the  field.  The  first  is  concerned  with 
the  logic  of  using  the  number  of  surviving  microorganisms  per  container 
as  the  criterion  of  sufficiency  of  heat  treatment.  The  second  involves 
the  vahj.ty  of  basic  assumption  that  has  been  accepted  in  the  method 
uhich  is  described  in  Chap.  15.  We  shall  first  discuss  this  assumption 

There  would  appear  to  be  no  basis  for  disputing  the  fact  that  the  dis- 
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tribution  of  surviving  spores  indicates  the  quantities  of  lethal  heat  to 
which  the  organisms  in  different  portions  of  the  food  in  a  container  are  sub¬ 
jected.  Acceptance  of  this  fact  is  essential  to  any  method  of  calculating 
sterilizing  processes. 

Stumbo  [15,16]  suggested  that  a  special  interpretation  of  his  concept  on 
distribution  of  surviving  spores  be  incorporated  as  a  vital  element  in  such 
calculation  procedures.  By  this  special  interpretation,  the  point  or  region 
of  greatest  probability  of  survival  is  shown  not  to  be  the  point  that  receives 
the  smallest  amount  of  sterilizing  heat  action,  which  point,  herein,  is 
designated  as  the  “critical  point.”  This  fact  is  said  to  justify  the  aban¬ 
donment  of  the  use  of  the  heat  effect  at  the  critical  point  as  the  criterion 
of  sufficiency  of  a  process  and  to  establish  the  sole  validity  of  the  number 
of  surviving  microorganisms  per  container  as  the  criterion  of  sufficiency. 
-Stumbo  later  [17]  outlined  a  procedure  using  this  criterion  without  placing 
special  significance  on  the  point  or  region  of  greatest  probability  of  sur¬ 
vival,  but  using  the  same  method  of  calculating  the  distribution  of  sur¬ 
viving  spores  as  was  presented  in  the  earlier  papers  [15,16].  A  different 
basis  of  calculation  is  used  in  the  calculation  procedure  presented  in 
Chap.  -15.  The  nature  of  the  difference  will  be  pointed  out  later,  along 
with  an  explanation  of  a  reason  for  preferring  the  method  of  Chap.  15 
when  the  calculation  applies  to  sterilization. 

To  calculate  the  survivors,  Stumbo  imagines  the  contents  of  the  con¬ 
tainer  to  consist  of  a  collection  of  portions  that  constitutes  a  series  of 
nested  shells,  designated  as  iso-/'1- value*  shells,  which  are  defined  by  the 
condition  that  all  material  which  constitutes  any  one  shell  receives  equal 
lethal-heat  treatment,  f  As  the  series  progresses  from  the  outside  surfaces 
of  the  container  to  the  shell  that  contains  the  critical  point,  there  is  a 
progressive  decrease  in  lethal  value  for  the  successive  shells.  Stumbo 
applies  the  survivor t  curve  to  each  shell  independently,  basing  the  cal¬ 
culation  of  survival  on  the  entire  volume  of  the  food  substance  which 
constitutes  the  shell  as  the  unit  volume,  in  other  words,  considering  each 
shell  as  defining  its  own  unit  volume.  No  two  shells  have  the  same  vol¬ 
ume;  therefore,  unit  volume  for  the  calculation  for  each  shell  is  unique 
to  that  shell. 

We  shall  consider  the  logic  of  the  significance  ascribed  by  Stumbo 


*  For  definition  of  F,  see  Chap.  4,  page  190. 

t  These  subdivisions  of  the  container  contents  are  similar  to  those  indicated  as 
iso-j-valuc  regions  in  Chap.  15.  See  Fig.  15.5. 

X  The  name  “survivor”  for  this  curve  was  adopted  by  agreement  among  workers  in 
the  field  of  bacteriology  and  food  technology.  It  represents  a  slight  change  from 
the  term  “survival  curve,”  which  appears  in  D.  E.  Lea’s  “Actions  of  Radiations  on 
Living  Cells,”  The  Macmillan  Company,  New  York,  1947.  The  survivor  curve  is 
fully  described  in  Chap.  4,  pp.  159-167.  See  also  pp.  124-125,  this  chapter. 
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to  the  calculated  distribution  as  a  factor  in  the  criterion  ol  sterilizing 
sufficiency. 

»/&tumbo  defined  the  region  of  greatest  probability  of  survival  as  the 
region  occupied  by  the  shell  in  which  the  number  of  survivors  would  be 
greatest  according  to  the  calculation.  His  calculation  showed  that  the 
shell  occupying  the  region  of  the  greatest  probability  of  survival,  according 
to  the  above  definition,  is  not  the  shell  within  which  is  the  point  of  lowest 
degree  of  lethal  treatment.  He  suggested  that  the  latter  point  may  not 
be  critical  in  consideration  of  the  efficacy  of  a  sterilizing  process  and  that 
the  effect  observed  at  that  point  may  not  be  a  true  criterion  of  sufficiency 
^of  the  sterilization  of  the  contents  of  the  container. 

One’s  viewpoint  in  regard  to  Stumbo’s  concept  depends  upon  the 
assumptions  that  one  is  prepared  to  accept.  His  concept  on  the  prob¬ 
ability  of  survival  appears  to  be  sound  only  when  associated  with  the 
following  assumptions: 

1.  Differences  in  intrinsic  individual  heat  resistance  of  microorganisms 
exist  and  constitute  a  critical  factor. 

2.  The  probability  of  high  resistance  within  any  portion  of  substrate  is 
related,  by  a  proportionality  factor,  to  the  volume  of  substrate  being 
considered. 

We  believe  that  the  following  discussion  will  clarify  the  necessity  for 
including  these  assumptions  in  Stumbo’s  hypothesis. 

^  Each  iso-F-value  shell  is  treated  as  a  unit,  to  which  are  applied  an  initial 
heat-resistance  value  which  depends  upon  the  above  probability  concept 
and  an  F  value  which  is  consistent  with  the  heat-penetration  properties 
of  the  material.  Calculations,  then,  as  shown  by  Stumbo,  reveal  that 
the  region  of  greatest  probability  of  survival  may  be,  in  fact,  generally  is, 
^away  from  the  location  of  least  lethal  effect. 

It  must  be  emphasized  that  acceptance  of  this  concept  carries  with  it 
the  requirement  that  the  distribution  of  initial  resistance  be  strictly  in 
accordance  with  the  above  assumptions.  The  use  of  the  location  of  the 
least  sterilizing  value  to  provide  a  criterion  for  sufficiency  of  a  process  is 
based  upon  the  assumption  that  the  probability  that  the  microorganism 
of  highest  heat  resistance  will  be  present  at  the  location  of  least  sterilizing 
value  is  at  least  great  enough  to  justify  a  process  that  is  capable  of 
destroying  the  organism  of  maximum  heat  resistance  when  that  organism 
is  in  that  location.  The  latter  assumption  would  seem  to  be  a  more  logical 
one  for  conduction  heating  products  than  fpr  convection  heating  products- 
however,  the  assumption  seems  fairly  well  justified  when  considering  any 

currents'"  "\ll  j  ,  f"*10"!  nT"’  Stati°nary>  re«ardl«ss  of  convection 
urrents.  All  calculation  methods  presented  in  this  book  are  based  on 

the  assumption  that  the  initial  heat  resistance  of  the  vulnerable  entity  is 

the  same  ,n  every  unit  volume  of  the  contents  and  that  all  unit  volumes 
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aie  uniform  size.  Mollifications,  to  take  into  account,  on  a  practi¬ 
cable  basis,  the  Stumbo  idea  on  distribution  of  initial  resistance,  present 
formidable  obstacles. 

Criterion  of  Sufficiency  of  Process 

Mathematical  methods  which  have  been  generally  used  for  evaluation 
of  sterilizing  processes  have  employed  the  lethal  effect  at  the  point  of  least 
lethal  effect  as  the  criterion  of  effectiveness.  This  criterion  has  served 
well  during  the  years  of  its  use — since  1920 — when  calculations  were 
based  upon  what  was  thought  to  be  the  point  of  least  lethal  effect  (the 
center  of  the  container).  The  question  of  whether  or  not  the  number  of 
survivors  per  container  provides  a  more  logical  basis  for  judging  effec¬ 
tiveness  of  sterilizing  processes  than  the  number  of  survivors  in  the  unit 
of  volume  which  includes  the  point  of  lowest  amount  of  lethal  heat  is 
inseparably  linked  with  the  question  of  whether  or  not  the  region  of 
greatest  probability  of  survival  is  that  which  includes  the  point  which  is 
subjected  to  the  least  lethal  energy. 

In  undertaking  a  critical  examination  of  the  logic  of  the  case,  we  shall 
discuss  the  following  interrelated  questions: 

1.  What  hypotheses  are  used  to  substantiate  the  concept  that  the  number  of 
residual  viable  spores  per  container  provides  a  sound  basis  for  process  evaluation? 

2.  Does  spoilage  following  heat  processes  occur  in  direct  proportion  to  the  num¬ 
ber  of  residual  spores  per  container  or  per  unit  volume  that  can  be  shown  to  be 
viable  immediately  after  the  process,  or  do  other  factors  determine  the  amount 
of  spoilage? 

3.  Does  concentration  of  spores  have  an  effect  on  their  individual  resistance  to 
heat? 

4.  If  the  answer  to  3  is  positive,  at  what  minimum  concentration,  if  any,  does 
this  effect  cease  to  exist? 

5.  If,  at  the  end  of  a  process,  culture  tests  by  a  standard  procedure  show  a  con¬ 
centration  of  N  viable  spores  per  unit  volume  or  per  container,  would  inoculation 
of  sterile  food  with  N  fresh  spores  per  unit  volume  or  per  container  give  the  same 
growth  results  in  the  food  as  are  given  by  the  N  viable  spores  which  have  been 

heated?  ,  .  , 

6.  As  an  analogue  to  5,  if  a  process,  by  calculations  based  upon  a  known  rate 

of  destruction,  leaves  M  residual  viable  spores  per  container  or  per  unit  volume, 
but  these  spores  produce  no  growth  under  a  standard  method  of  culturing  am  no 
spoilage  in  the  food,  would  inoculation  with  M  fresh  spores  per  container  or  per 
unit  volume  give  no  growth  in  the  food  ? 

Let  us  follow  usual  custom  and  designate  F  value  of  a  process  for  the 
unit  volume  that  contains  the  point  of  least  lethal-heat  effect  y  e 
symbol  Fc  and  the  composite  F  value  for  the  entire  container  as  V 
Fc  is  based  on  the  maximum  residual  concentration  per  constant  unit 
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volume  within  the  container;  Fa  is  based  on  the  residual  concentration 
per  container,  regardless  of  the  size  of  the  container. 

Having  defined  Fc  and  F„  we  may  now  add  to  the  list  what  may  be  the 

crucial  question: 

7.  Will  the  number  of  cans  to  spoil  be  the  same  for  No.  1  as  for  No.  10  cans 
when  the  value  of  Fe  for  the  two  is  the  same  or  when  the  value  of  Fs  for  the  two 
is  the  same?  Alternately,  will  the  relationship  between  the  number  of  No.  1 
cans  to  spoil  and  the  number  of  No.  10  cans  to  spoil  depend  on  either  the  rela¬ 
tive  values  of  Fc  or  the  relative  values  of  Fal 

Until  the  above  seven  questions,  and  others,  are  answered,  we  shall 
not  be  justified  in  concluding  that  either  the  Fc  or  the  Fs  basis  is  the  cor¬ 
rect  one  for  use  in  comparing  sterilizing  effects  in  different  containers  or 
of  different  processes. 

An  answer  to  question  1  should  be  found  in  the  literature.  Going  to 
Stumbo  [15,16,17],  Hicks  [2,3],  and  Gillespy  [1],  we  seem  to  find  that 
justification  for  using  the  number  of  residual  viable  spores  per  container 
as  the  criterion  of  the  value  of  a  process  comes  from  the  belief  that  the 
location  in  which  the  spores  have  the  greatest  probability  of  survival  is 
not  the  location  that  receives  the  smallest  quantity  of  lethal  heat.  Enter¬ 
tainment  of  the  latter  concept,  therefore,  is  usually  accompanied  by  a 
belief  in  the  validity  of  using  Fs  as  the  sole  basis  for  process  evaluation. 

Let  us  now  see  whether  or  not  an  excursion  into  logic  will  reveal  further 
answers. 

Proximity  of  Residual  Viable  Spores 


If  initial  proximity  of  viable  spores  to  each  other  is  a  deciding  factor 
affecting  individual  heat  resistance,  the  Fc  basis  is  the  more  likely  to  be 
the  correct  one;  if  proximity  is  not  an  important  factor,  the  Fs  basis  may 
be,  but  is  not  necessarily,  the  correct  one.  If  proximity  is  not  important, 
the  principle,  which  we  accept,  of  logarithmic  rate  of  destruction  of  spores 
(this  point  will  receive  further  attention  later  in  this  chapter)  means  that 
there  must  be  a  fixed  distribution  of  individual  resistances  to  heat  among 
the  spores  which  originally  contaminate  a  food,  regardless  of  the  concen¬ 
tration  of  the  spores.*  By  virtue  of  this  fixed  distribution  of  resistances, 

*  In  the  sense  in  which  the  term  “individual  resistance”  is  here  used,  the  term 
implies  resistance  which  is  essentially  inherent  and,  consequently,  essentially  perma¬ 
nent  or  prescriptive  to  the  individual  spore.  Adventitious  differences  between  indi¬ 
viduals,  which  may  affect  the  resistance  of  individuals  temporarily,  are  in  a  different 
category  of  properties.  The  latter  are  of  the  type  which  may  depend  upon  proximity 
spores  to  each  other  or  upon  other  similar  fortuitous  conditions,  such  as  would  be 

reZ^celZ^t&teS  *  Permaiient  dlfferences  in  ind™dual 

The  adventitious  influences  are  analogous  to  the  changes  in  states  of  molecules 
to  which  is  attributed  the  control  of  rates  of  chemical  reactions  such  as  the  loss  or 
acquisition  of  electrons,  as  postulated  by  Proctor  et  al.  [12]  to  explain  the  effects  of 


114 


STERILIZATION  IN  FOOD  TECHNOLOGY 


the  maximum  resistance  of  individual  spores  in  a  collection  which  consti¬ 
tutes  a  contaminant  must  increase  indefinitely  as  the  concentration  of  the 
spores  increases,  and  thus  the  number  of  spores  on  every  level  of  resistance 
must  increase  at  an  absolutely  fixed  rate  in  relation  to  concentration,  as 
the  concentration  of  spores  is  increased.  This  rate  of  increase  in  the 
various  levels  of  resistance  with  increase  in  numbers  is  such  that  the  rate 
of  destruction  is  logarithmic ;  that  is,  the  proportions  of  spores  at  all  levels 
of  resistance  are  continuously  maintained  at  such  values  that,  as  the 
spores  on  levels  of  successively  increasing  resistance  are  progressively 
killed,  the  rate  of  destruction  is  logarithmic. 

Until  it  can  be  proved  which  of  these  factors  (proximity  of  spores  to 
each  other  or  fixed  ratios  of  individual  resistances)  is  responsible  for  the 
logarithmic  rate  of  destruction  of  contaminant  spores,  or  to  what  extent 
either  factor  contributes  to  this  result,  we  can  only  be  guided  by 
conjecture  and  base  our  calculation  procedures  on  the  factor  that 
seems  best  to  fit  the  facts.  To  the  authors,  the  proximity  factor  seems 
more  likely  to  control  the  rate  of  destruction  than  does  the  individual- 
resistance  factor — except  as  age  of  organisms  influences  the  latter  factor- 
just  as  the  concentration  of  molecules  in  a  solution  controls  the  time 
required  for  the  completion  of  a  chemical  reaction  involving  those  mole¬ 
cules.  If  proximity  is  the  deciding  factor  and  if  the  effects  of  this  factor 
upon  the  rate  of  destruction  continue  to  prevail  regardless  of  how  low 
the  concentration  of  spores  becomes,  it  would  seem  logical  that  the  power 
of  growth  of  the  spores  might  also  be  dependent  upon  their  proximity  to 
each  other.  If  so,  we  believe  that  logic  would  dictate  that  the  end  point 
of  a  process  be  decided  on  the  basis  of  concentration  of  residual  viable 
spores  per  unit  volume  because  there  would  have  to  be  a  minimum  point 
in  concentration  per  unit  volume  at  which  growth  of  microorganisms  in  a 
food  becomes  impossible.  When  this  minimum  concentration  is  reached, 


cathode  rays  on  organic  cells,  and  such  as  change  in  magnitude  of  energy  or  in  geo¬ 
metrical  orientation  of  molecules.  All  of  these  causal  influences  are  here  considered 
to  be  in  the  same  class  as  the  factors  for  which  close  physical  association  of  spores  with 
each  other  would  be  responsible. 

A  factor  related  to  individual  resistance  is  age,  which,  it  seems,  must  play  some 
part  in  determining  when  an  organism  will  succumb  to  heat.  Suppose  we  assume 
that  every  microorganism  of  a  given  strain  will  succumb  at  the  same  age  if  subjected 
throughout  the  period  of  its  viable  existence  to  a  given,  rigidly  controlled  pattern  of 
influencing  conditions;  that  is,  if  every  organism  is  subjected  to  exactly  the  same 
pattern  of  temperature-time  relationship  and  to  exactly  the  same  substrate  con¬ 
ditions.  Acceptance  of  this  assumption  may  be  entirely  consistent  with  an  expo¬ 
nential  rate  of  destruction  of  spores  in  an  inoculum.  The  influence  of  age  should  be 
directly  related  to  the  influence  of  concentration,  for  it  seems  reasonable  that  the 
spread  in  ages  of  the  organisms  in  a  collection  will  increase  with  increase  m  numbers  of 

organisms. 
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here  will  be  no  spoilage,  regardless  of  how  many  containers  have  residua 
heoretically  viable  spores  or  how  many  such  spores  there  are  per  container . 

Holloman  and  Fisher  [4],  on  a  nucleation  concept,  advanced  the  theory 
shat  a  colony  of  cells,  in  a  given  volume  of  substrate,  must  be  of  a  critical 
ize,  or  larger,  in  order  for  the  cells  to  survive  and  grow.  These  authors 
uggested  that  either  one  of  two  hypotheses,  seemingly  equally  tenable 
^though  converse  to  one  another,  could  account  for  this  phenomenon. 
(Their  presentation  supports  the  theory  that  the  ability  of  cells  to  grow  is 
nfluenced  by  their  proximity  to  one  another  in  the  medium. 

If  the  germination  of  residual  viable  spores  were  influenced  both  by 
)roximity  of  spores  to  each  other  and  by  the  number  of  residual  viable 
pores  per  container,  there  would  be  a  higher  rate  of  germination  in  a 
arge  can  than  in  a  small  one,  even  though  the  Fc  value  were  the  same  for 
>oth  cans,  because  there  would  be  more  residual  viable  spores  in  the  large 
ontainer  than  in  the  small  one. 

Although  the  “end  point,”  designated  by  either  the  Fs  or  the  Fc  value, 
s  defined  as  the  point  at  which  a  given  theoretical  low  concentration  of 
esidual  viable  spores,  such  as  0.007  spore  per  container  or  0.00005  spore 
>er  unit  volume,  is  reached,  it  is  assumed,  in  connection  therewith,  that 
tone  of  the  residual  viable  spores  will  germinate  and  cause  spoilage;  it  is 
,ssumed,  in  other  words,  that  destruction  has  proceeded  to  a  point  at 
riiich  spores  that  are  capable  of  germinating  exist  only  theoretically  and 
iot  in  reality. 

If  proximity  has  nothing  to  do  with  the  power  of  the  spores  to  germi- 
iate  and  if  the  food  is  a  good  culture  medium  for  the  bacteria,  we  must 
,ssume  that  the  only  reason  residual  viable  spores  will  not  germinate  is 
tecause  they  have  individually  lost  the  power  to  do  so,  because  of  some 
ffect  of  the  heat.  If  this  is  the  explanation,  we  must  conclude  that,  to 
each  the  point  of  no  spoilage,  each  spore  on  the  highest  resistance  level 
aust  be  subjected  to  a  definite  heat  effect  which  is  sufficient  to  render  it 


ncapable  of  germination.  If  these  spores  of  maximum  resistance  level 
,re  as  constant  in  their  heat-resistance  characteristics  as  is  assumed  on 
he  basis  of  the  “distribution  of  individual  resistance”  hypothesis,  each 
,f  these  spores,  in  whatever  container,  must  have  received  a  definite  and 
quivalent  heat  treatment  as  a  minimum.  This  makes  the  end  point 
iepend  upon  the  heat  treatment  at  the  point  in  the  container  of  minimum 
ieat  treatment,  which  brings  us  to  the  same  basis  of  decision  as  does  the 
.roxinuty  hypothesis,  namely,  that  the  end  point  of  a  process  should  be 
iecided  on  the  basis  of  concentration  of  residual  viable  spores  per  unit 
rolume  of  material  (units  of  uniform  volume,  of  course). 

Experimental  studies  have  been  reported  [1,2,3,15,16,17],  and  such 
udies  are  continuing,  for  the  purpose  of  establishing  whether  or  not 
poilage  results  substantiate  the  Fc  hypothesis  or  the  Fs  hypothesis.  One 
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must  presume  that  only  extensive  statistical  analysis  will  lead  to  a  justi¬ 
fiable  conclusion;  therefore,  it  is  to  be  expected  that  a  period  of  years  will 
elapse  before  a  conclusion,  based  upon  these  tests,  can  be  justified. 

Regardless  of  the  outcome  of  these  studies,  the  calculation  methods  to 
be  presented  in  Chaps.  14  and  15  will  still  be  valid.  In  Chap.  14  will  be 
developed  a  new  method  based  on  the  use  of  critical-point-survivor  data 
as  the  criterion  of  process  sufficiency  (the  Fc  hypothesis),  while  Chap.  15 
will  present  the  development  of  a  method  based  on  the  use  of  survivor 
data  of  the  container  as  a  unit  (the  Fs  hypothesis).  The  latter  method 
amounts  simply  to  an  extension  of  the  method  of  Chap.  14  since  the  deter¬ 
mination  of  the  number  of  surviving  spores  in  a  container  consists  of  an 
integration  procedure  applied  to  the  survivor  data  for  all  portions  of  the 
food  in  the  container.  Thus,  the  result  for  the  container  is  obtained 
through  a  summation  of  results  found  by  the  former  method  for  points 
distributed  throughout  the  container. 

We  trust  that  we  have  succeeded  in  showing  the  relationship  existing 
among  the  older  and  the  newer  concepts  involved  in  the  mathematical 
treatment  of  canned-foods  processes.  Later  in  this  chapter,  we  shall 
again  look  at  the  question  of  whether  the  Fc  or  the  Fs  value  constitutes 
the  logical  criterion  of  sufficiency  of  a  process.  In  that  discussion,  some 
specific  assumed  conditions  to  illustrate  the  lines  of  reasoning  will  be  used. 

Concept  of  Thermal  Death  Time 

The  term  thermal  death  time  was  created  to  designate  the  time  required 
to  destroy,  by  heating  at  a  given  temperature,  all  microorganisms  capable 
of  spoiling  the  food.  “Destroyed”  microorganisms  are  those  which  are 
rendered  incapable  of  growing,  as  indicated  by  chosen  methods  of  testing 
growth.  The  newer  concept  of  thermal  death  time  is  that,  in  a  theoretical 
sense,  the  organisms  are  not  all  killed  since  the  survivor  curve  which  shows 
the  relationship  between  heating  time  and  the  number  of  survivors  is  a 
semilogarithmic  curve  that  never  reaches  zero  on  the  survivors  scale, 
regardless  of  how  long  the  heating  is  continued.  The  introduction  of 
this  concept  into  our  calculation  procedures  brought  with  it  the  necessity 
of  establishing  an  end  point  by  arbitrarily  choosing  a  point  on  the  survivor 
curve  which  represents  destruction  of  microorganisms  to  a  degree  which 
obviates  any  growth  of  the  organisms  in  the  food.  Ihus,  under  the  new 
concept,  we  may  still  use  the  term  thermal  death  time  in  referring  to  the 
time  required  to  heat  the  microorganisms  at  a  chosen  temperature  in 
order  to  achieve  a  desired  result,  and  the  term  may  still  be  defined  as  the 
time  required  to  destroy  all  microorganisms  capable  ot  spoiling  the  food. 
The  change  that  has  taken  place  is  that  we  now  hold  in  reserve  the  idea 
that  some  microorganisms  are  still  theoretically  viable,  although,  to  the 
best  of  our  knowledge,  they  are  incapable  of  spoiling  the  food.  The 
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•hange  in  concept  has  come  simultaneously  with  a  revolution  in  laboi  atoiy 
;echnic  for  determining  destruction  data.  1  he  procedure  oi  counting 
survivors  to  determine  the  rates  of  destruction  and  to  establish  survivor 
•urves  seems  to  be  replacing  the  older  thermal  death  time  technic  of 
•ounting  “positive”  and  “negative”  containers  and  establishing  thermal 
leath  time  as  the  minimum  time  at  which  “positive”  containers  are  no 
onger  obtained. 

It  should  be  stressed  that  this  change  in  concept  of  an  end  point  of  a 
jrocess  has  no  effect  whatsoever  upon  calculation  technics  for  the  evalu- 
ition  of  processes.  Regardless  of  what  end  point  is  chosen,  the  consider- 
itions  from  the  standpoint  of  treatment  are  the  same.  The  name  of  the 
hernial  death  time  curve  may  be  changed  to  “thermal  destruction  time” 
urve  if  we  wish,  but  it  still  is  the  same  type  of  curve,  showing  the  rela- 
ionship  between  heating  time  and  heating  temperature  necessary  to 
.ttain  the  condition  which  is  called  sterility  or  to  attain  a  condition  which 
epresents  a  specified  degree  of  approach  toward  sterility.  It  does  not 
natter  whether  the  selected  end  point  is  one  viable  organism  per  milli- 
iter,  one  viable  organism  per  container,  one  per  million  containers,  or  one 
>er  sextillion  containers,  it  is  still  an  end  point  and  is  handled  mathemati- 
ally  by  any  procedure  which  deals  with  the  old  thermal  death  time  as 
,n  end  point.  Nor  does  this  infer  that  the  procedure  must  be  one  which 
pplies  to  a  critical  point  only.  It  can  be  an  end-point  procedure  applying 
o  an  entire  container  full  of  food.  Thermal  death  time  will  be  discussed 
urther  in  Chap.  4. 


Nature  of  Survivor  Curve 


The  calculated  residuum  of  viable  spores  is  based  on  the  survivor  curve 
—the  curve  that  shows  the  relationship  between  the  numbers  of  surviving 
rganisms,  expressed  as  per  cent  of  the  original  number,  and  the  dose  of 
he  lethal  agent.  Curve  B  in  Fig.  4.21  is  one  form  of  survivor  curve. 

For  ionizing  radiations,  the  dose  is  usually  expressed  in  rep  (Roentgen 
quivalent  physical);  for  heat,  the  dose  would  logically  be  expressed  in 
erms  of  degree-minutes  or  degree-seconds;  but  degree-minutes  or  degree- 
econds,  applying  to  different  temperatures,  are  not  linearly  additive; 
herefore,  it  is  more  convenient  to  use  time  alone  as  the  unit  of  the  dose 
cale  and  to  let  each  curve  represent  a  single  temperature  of  heating 
)ose  for  ionizing  radiations  could  be  similarly  divided  into  factors  of 
Tensity  and  time  for  use  m  plotting  separate  survivor  curves  representing 

o"  in  rep  per  huu-  ^ — — - 

The  characteristics  of  survivor  curves  and  the  use  of  the  curves  in 
process  calculation  procedure  will  be  further  discussed  in  later  chapters 
Chapter  4  gives  the  development  of  the  equation  for  the  curve 
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In  his  chapter  on  “Target  Theory/’  Lea  [6]  deduces  an  exponential 
equation  for  the  survivor  curve,  which  he  designates  “survival  curve,” 
based  on  single  unit  action  by  rays,  that  is,  ionization  produced  by  a  single 
hit  on  each  target.  Under  this  hypothesis,  the  first  hit  is  invariably  effec¬ 
tive  and  sterilization  is  accomplished  when  the  last  surviving  target 
(spore)  receives  its  first  hit.  Lea  believes  that  only  the  single-unit-action 
hypothesis  can  account  for  an  exponential  survivor  curve  if  bacterial  cells 
or  spores  of  the  same  type  and  strain  have  uniform  resistance  in  the  given 
substrate.  He  believes  the  exponential  relationship  in  destruction  might 
result  from  cumulative  action  of  rays  only  if  the  resistance  of  the  indi¬ 
vidual  organisms  varied  in  accordance  with  a  certain  skew  pattern  of 
distribution. 

It  is  not  our  purpose  to  go  into  a  speculation  on  the  merits  of  Lea’s 
viewpoint,  especially  since  he  does  not  apply  it  to  heat  as  the  lethal  agent. 
We  point  out,  however,  that  Lea  appears  to  believe  that  the  true  survivor 
curve  in  ionizing  radiation  is  exponential;  at  the  same  time  he  attempts 
to  describe  the  conditions  under  which  the  sigmoid  characteristic  might 
be  expected  to  appear.  Since  the  questions  discussed  by  Lea  are  the 
same  as  those  which  repeatedly  arise  over  the  shape  of  the  survivor  curve 
resulting  from  heat  treatment  of  bacterial  spores,  one  seems  justified  in 
assuming  that  similar  chemical  and  physical  laws  are  operative  in  cell 
destruction  by  heat  as  in  cell  destruction  by  ionizing  radiation.  Just  how 
closely  the  mechanical  devices  of  destruction  resemble  each  other  in  the 
two  cases  we  shall  not  attempt  to  say.  However,  there  now  appeals  to 
be  a  considerable  degree  of  concurrence  among  bacteriologists  on  the  fact 
that  injury  is  inflicted  on  bacterial  spores  by  lethal  heat  which  is  not  suffi¬ 
cient  to  inactivate  them — injury  which  leaves  the  spores  weakened  so  that 
they  are  either  retarded  in  germination  or  more  prone  to  succumb  to  any 
unfavorable  conditions.  This  fact  seems  to  constitute  evidence  in  favor 
of  the  cumulative  theory  of  destruction  by  heat  and  against  the  single¬ 
unit-action  theory.  If  the  latter  theory  applied  to  heat  destruction,  it 
would  seem  that  the  spore  would  be  either  completely  destroyed  when  it 
received  a  “hit”  or  would  remain  fully  vital  when  it  received  no  hit. 
Furthermore,  we  shall  not  attempt  to  describe  what  constitutes  a  hit  in 


heat  sterilization. 

Acknowledging  the  fact  that  insufficient  evidence  is  available  to  csta 
lish  the  precise  nature  of  the  survivor  curve  in  heat  destruction  of  spores, 
we  feel  that  it  is  not  unreasonable  to  believe  that  perfect  experimentation 
will  eventually  show  this  curve  to  be  truly  exponential  without  the  sig 
moid  characteristic  which  has  appeared  at  times  in  experimental  resu  ts. 
We  may  be  influenced,  of  course,  by  our  wish  to  entertain  this  e  ie 
because  it  simplifies  the  accommodation  of  the  survivor  curve  to  0111 
process  calculation  procedures;  nevertheless,  we  believe  the  true  survivoi 
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•urve  to  be  a  straight  line  when  plotted  to  semilogarithmic  coordi- 
lates  except  that  there  may  be  a  lag  phase  at  the  beginning  of  that 
lestruction  treatment,  producing  a  deviation  from  the  straight  line  at 
he  location.  The  procedures  presented  in  Chaps.  14  and  15  are  based  on 
his  assumption. 

Horowitz  [8]  presents  an  argument  in  favor  of  the  exponential  form  ol 
urvivor  curve  from  ionizing  radiations  and  develops  an  equation  for  the 
urve.  Data  of  Morgan  and  Bohrer  [7]  and  Pratt  and  Ecklund  [10]  on 
onizing  radiation  of  spores  show  exponential  relationships  except  for  lag 
jeriods  at  the  beginning  of  the  destruction  period.  Proctor  and  Gold- 
>lith  [11],  Nickerson;  Proctor,  and  Goldblith  [9],  and  Stern  and  Proctor 
14]  show,  for  ionizing  radiations,  survivor  curves  having  the  exponential 
relationship  without  lag  periods.  Stumbo,  Murphy,  and  Cochran  [18] 
)resent  experimental  evidence  for  the  exponential  survivor  curve  for 
[pores  subjected  to  heat.  Schmidt  [13]  points  out  that  the  available 
ividence  favors  the  exponential  relationship. 


Definition  of  Point  of  Greatest  Probability  of  Survival 

The  question  as  to  the  proper  criterion  of  sufficiency  to  use  in  calcu- 
ating  sterilizing  processes  is  one  of  major  importance  to  the  fulfillment 
•f  the  function  ol  this  book.  1  herefore,  an  analysis  ol  the  definition  of 
he  location  of  greatest  probability  of  survival  seems  essential.  For  the 
mrpose  of  logical  presentment,  the  following  conditions  are  assumed, 
n  the  contents  of  a  container,  the  iso-F-value  portion  that  contains  the 
ritical  point  has  a  volume  of  1  and  contains  10  viable  spores.  In  an 
so-F- value  shell,  having  a  volume  of  1,000,  there  are  10,000  viable  spores, 
he  container  is  subjected  to  a  heat  process  in  which  the  spores  in  the 
'ortion  ol  food  having  a  volume  of  1  suffer  lethal-heat  effect  expressed 
s  ^  =  “-1’  whic‘h,  according  to  the  survivor  curve,  destroys  97.14  per 
ent  ol  the  spores.  The  spores  in  the  portion  of  the  food  having  a  volume 
f  1,000  suffer  lethal-heat  effect  expressed  as  F  =  3.4,  which,  according 
o  the  survivor  curve,  destroys  99.720  per  cent  of  the  spores.  In  the  first 
ortion  ol  the  food  (that  containing  the  critical  point),  0.280  spore  sur- 
ives,  or  one  spore  in  each  3^  containers.  In  the  second  portion  of  the 
Jod  2/. 4  spores  survive  (0.27  per  cent  of  10,000)  in  each  container. 

U  mously,  according  to  the  survivor  curve,  more  spores  survive  in  the 
cond  portion  of  the  food  under  heat  effect  F  =  3.4  than  in  the  first  por- 
ion  of  the  food  under  heat  effect  F  =  2.1.  Does  this  fact  constitute 
deuce  of  a  greater  probability  of  survival  in  the  second  portion  than 

e  is  portion  t  We  shall  consider  this  question  first  on  the  basis  of 

!T,ToUhe27+ety  SP°',T  T  *he  Same  ''eSiStanCe  t0  heat-  111  ‘his 

room  with  th.  ,!  PT  that  TV1Ve  m  f00d  portion  2  entered  the 
th  the  same  reslstance  as  the  spore  that  survives  in  every  third 


120 


STERILIZATION  IN  FOOD  TECHNOLOGY 


or  fourth  container  in  food  portion  1.  Still,  the  27  +  spores  survived  a 
destroying  power  G2  per  cent  greater  than  that  which  destroyed  all  spores 
in  food  portion  1  in  at  least  two  containers  out  of  every  three.  What 
imparted  to  the  27+  spores  the  power  to  survive  this  process?  Their 
concentration  and  environment  originally  were  identical  to  those  of  the 
spores  in  food  portion  1  which  were  almost  all  destroyed  by  a  less  severe 
heat  treatment.  These  facts  would  seem  to  indicate  that,  in  practice, 
all  spores  individually  do  not  have  the  same  resistance  to  heat. 

Let  us  assume,  then,  for  further  illustration,  that  some  spores  of  a  given 
pure  suspension  have  greater  heat  resistance  than  others  in  the  same 
suspension.*  Suppose  that,  among  the  10,000  viable  spores  in  food  por¬ 
tion  2,  there  are  100  spores  having  resistance  at  the  maximum  level. 
Since  the  volume  of  food  portion  2  is  1,000  times  as  great  as  that  of  food 
portion  1,  by  the  laws  of  probability  we  have  a  right  to  believe  that  there 
is  one  spore  having  resistance  at  the  maximum  level  in  food  portion  1  in 
every  tenth  container,  on  the  average.  Now  we  find  that  27+  spores 
out  of  the  100  highly  resistant  spores  (27+  per  cent)  in  food  portion  2 
escape  destruction  in  a  process  of  F  =  3.0,  whereas  in  every  tenth  con¬ 
tainer  of  food  portion  1,  the  spore  of  maximum  resistance  plus  about  two 
spores  of  lower-than-maximum  resistance  escape  destruction  in  a  process 
of  +  —  1.9.  This  seems  to  make  sense. 

Let  us  proceed  a  step  further  and  assume  that,  among  the  10,000  viable 
spores  in  food  portion  2,  there  are  500  spores  having  resistance  at  the 
maximum  level.  Probability  indicates  that  there  is  one  spore  having 
resistance  at  the  maximum  level  in  food  portion  1  in  every  second 
container,  on  the  average. 

Under  these  circumstances,  we  find  that  27  +  spores  out  of  the  500 
highly  resistant  spores  (5.4  per  cent)  in  food  portion  2  escape  destruction 
in  a  process  of  F  =  3.2,  and,  in  food  portion  1,  57.1  per  cent  of  the  spores 
(four  spores  in  each  14  containers,  which  initially  contained  seven  spoies) 
having  resistance  at  the  maximum  level  survive  after  a  process  of  F  —  2.0. 

As  a  final  illustration,  let  us  consider  the  condition  in  which  there  are, 
in  food  portion  2,  1 ,000  spores  having  resistance  at  the  maximum  level 
and,  according  to  probability  indications,  one  spore  having  resistance  at 
the  maximum  level  in  food  portion  1  in  each  container,  on  the  average. 
Here,  27+  spores  out  of  the  1,000  highly  resistant  spores  (2.7  per  cent) 
in  food  portion  2  escape  destruction  in  a  process  of  F  =  3.3,  and  in  food 
portion  1,  28.6  per  cent  of  the  spores  (one  out  of  every  3+j)  having 
resistance  at  the  maximum  level  survive  after  a  piocess  of  F  —  2.05. 

*  If  the  reader’s  knowledge  of  bacteriology  is  inadequate  to  allow  him  to  understand 
any  part  of  this  discussion  pertaining  to  bacteria,  it  is  suggested  that  he  read  portions 
of  Chap.  4,  in  which  the  nature  of  bacteria  is  described  and  definitions  of  terms  a 

given. 
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Now  we  arrive  at  the  necessity  of  deciding  which  food  portion,  1  or  2, 
narks  the  location  of  greatest  probability  of  survival.  Is  it  the  portion 
n  which  the  greater  number  of  spores  survive  (portion  2)  or  the  portion 
n  which  the  higher  percentage  of  the  spores  of  maximum  resistance  sur¬ 
vive  (portion  1)?  In  the  above  three  illustrations  involving  variable 
ndividual  resistance  of  spores,  the  percentages  of  survival  of  the  spores 
it  the  maximum  level  of  resistance  in  portion  2  were  27.4,  5.4,  and  2.7, 
espectively,  while  in  portion  1,  the  percentages  of  survival  of  the  spores 
it  the  maximum  level  of  resistance  were  100,  57.2,  and  28.6,  respectively. 

The  answer  to  our  question  would  appear  to  rest  in  one’s  interpretation 
>f  the  definition  of  probability.  Owing  to  the  importance  of  this  decision 
o  accepted  concepts  of  methods  of  calculating  processes  for  sterilization, 
wo  illustrative  considerations  of  the  last  of  the  above  illustrations, 
tearing  on  its  interpretations,  will  be  given.  It  is  recalled  that,  in  that 
[lustration,  1,000  spores  among  the  10,000  spores  in  food  portion  2  have 
leat  resistance  at  the  maximum  level.  To  facilitate  the  reasoning,  we 
hall  assume  that  the  spores  having  resistance  at  the  maximum  level  in 
ood  portions  1  are  uniformly  distributed  so  that  there  is  one  such  spore 
a  each  container.  Here  we  are  confronted  by  the  proposition  that  existed 
ii  the  illustration  involving  the  assumption  that  every  spore  has  the  same 
esistance  to  heat.  Every  spore  having  resistance  at  the  maximum  level 
ias  the  same  resistance.  Each  of  the  27+  spores  that  survive  in  food 
iortion  2  in  each  container  entered  the  process  with  the  same  heat  resist- 
,nce  as  the  spore  that  survives  in  every  third  or  fourth  container  in  food 
•ortion  1.  Still,  the  27+  spores  survived  a  destroying  power  approxi¬ 
mately  60  per  cent  greater  than  that  which  destroyed  all  spores  in  food 
•ortion  1  in  at  least  two  containers  out  of  every  three.  What  imparted 
o  the  27  +  spores  the  power  to  survive  this  process?  Their  concentration 
nd  environment  originally  were  identical  with  those  of  the  spores  in  food 
ortion  1,  71.4  per  cent  of  which  were  destroyed  by  a  less  severe  heat 
reatment.  Our  concept  of  the  relationship  existing  among  (1)  the  heat 
esistance  of  microorganisms,  (2)  the  amount  of  lethal  heat  applied,  and 
3)  the  amount  of  destruction  accomplished  breaks  down  completely 
rider  these  circumstances. 


For  a  new  set  of  conditions  in  the  final  illustration  given  above  we 
onceive  a  comparison  between  the  above  food  portion  2,  having  a  vol- 

,m®  °f  bl0?  U‘!its;  and  a  third  food  portion  having  the  same  volume 
1,000  units)  which  embodies,  in  its  interior,  the  previously  described 
,o-F-value  shell  called  food  portion  1,  having  a  volume  of  1  unit  and 
ontaining  the  critical  point  in  the  contents  of  the  container.  Food  por- 
ion  3  consists  of  a  sufficient  number  of  iso-F-value  shells  to  make  up  the 

+,m,e  “f  'l00”  unlts’  and  none  of  th<=»=  iso-F-value  shells  is  that  which 
onstitutes  food  portion  2.  In  other  words,  there  is  no  overlapping  of 
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the  food  portions  being  considered;  therefore  the  iso-F-value  shell  which 
constitutes  food  portion  2  completely  encloses  food  portion  3  without 
touching  it. 

In  the  heat  process,  the  various  iso-F-value  shells  of  food  portion  3  have 
various  F  values,  going  upward  from  the  2.05  value  of  food  portion  1. 
The  F  value  of  the  outermost  iso-F-value  shell  of  food  portion  3  is  less 
than  the  3.3  value  of  food  portion  2.  Thus,  the  mean  F  value  of  food 
portion  3  lies  between  2.05  and  3.3.  Food  portion  3  enters  the  process 
carrying  the  identical  flora  of  microorganisms  to  that  of  food  portion  2. 
Therefore,  under  our  well-established  concept  of  the  relationship  existing 
among  (1)  concentration  of  spores,  (2)  resistance  of  spores,  (3)  amount 
of  lethal  heat  applied,  and  (4)  amount  of  destruction  accomplished,  there 
will  be  more  survivors  in  food  portion  3  after  the  process  than  in  food 
portion  2.  By  any  interpretation  of  the  definition  of  probability,  one 
must  conclude  that  there  is  a  greater  probability  of  survival  in  food  por¬ 
tion  3  than  in  food  portion  2.  This  conclusion  is  at  odds  with  the  inter¬ 
pretation  which  would  place  the  location  of  the  point  of  greatest  prob¬ 
ability  of  survival  in  food  portion  2. 

There  appears  to  be  an  impasse.  However,  the  incongruities  that  have 
appeared  seem  to  dissolve  if  one  adheres  to  a  simple  principle  embodied 
in  the  definition  of  the  survivor  curve. 

The  solving  of  this  problem  is  a  fantastically  complex  exercise  in  logic 
because  of  the  number  of  assumptions  that  must  be  taken  into  account. 
The  above  illustrations  may  reveal  how  easily  one  can  reason  himself 
around  a  circle. 

To  elucidate  the  principle  just  referred  to  in  the  definition  of  the  sur¬ 
vivor  curve,  we  shall  resort  to  two  examples.  First,  let  us  recall  to  mind 
three  facts  about  the  unit  volume  of  substance.  These  are:  (1)  all  unit 
volumes  are  of  the  same  size;  (2)  a  unit  volume  may  have  any  size  but  is 
preferably  very  small  since  heat  is  assumed  to  penetrate  it  with  infinite 
rapidity;  and  (3)  there  may  be  any  number,  including  a  fractional  number 
less  than  unity,  of  unit  volumes  in  a  “portion”  of  food  chosen  for  use  in 
these  examples. 


Example  1 .  It  should  be  self-evident  that,  in  a  quantity  of  food  that  has  been 
thoroughly  homogenized  and  mixed,  the  probability  that  the  number  of  spores  in 
a  unit  volume  will  equal  the  average  number  for  all  unit  volumes  is  the  same  for 
all  unit  volumes.  Likewise,  if  the  heat  resistance  of  individual  spores  varies,  the 
chance  that  a  given  unit  volume  will  contain  a  spore  having  resistance  at  the 
maximum  level  is  the  same  for  all  unit  volumes.  Therefore,  if  one  puts  a  quan¬ 
tity  of  the  food  having  a  volume  of  1  into  a  container  and  a  quantity  having  a 
volume  of  1,000  into  another  container  and  subjects  every  unit  volume  o  enc 
portion  of  the  food  to  a  heat  process  having  an  F  value  of  0,  there  will  be  a  grea 
probability  that  a  spore  will  survive  in  a  portion  of  food  having  a  vo  ume 
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)00  than  in  the  portion  having  a  volume  of  1.  In  fact,  even  though  every  unit 
lume  of  the  former  portion  should  be  subjected  to  a  heat  process  having  an  t 
lue  of  7,  while  the  latter  portion  was  subjected  to  a  process  of  F  -  6,  there 
ght  still  be  a  greater  probability  that  a  spore  will  survive  in  the  former  por- 
>n  than  that  one  will  survive  in  the  latter  portion.  This  is  because  of  the  fact 
at  the  chance  that  there  will  be  a  spore  having  resistance  at  the  maximum  level 
food  portion  of  volume  1,000  is  1,000  times  as  great  as  the  chance  that  there 
11  be  such  a  spore  in  food  portion  of  volume  1. 

Example  2.  If  Example  1  is  duplicated  in  a  world  in  which  all  spores  are 
entical  individually  in  respect  to  heat  resistance,  when  every  unit  volume  of 
od  material  in  the  two  portions  is  subjected  to  a  heat  process  of  F  =  6,  the 
obability  of  survival  in  the  second  portion  will  be  as  great  as  that  in  the  first 
ution.  This  is  revealed  to  us  by  the  survivor  curve,  which  applies  separately 
each  unit  volume  of  food  material.  However,  let  us  take  two  portions  of  the 
od  material,  each  having  a  volume  of  1,  place  one  portion  in  a  container,  then 
oroughly  mix  in  another  container  the  other  portion  with  999  unit  volumes  of 
od  material  which  is  identical  to  the  previously  used  material  except  that  it  is 
srile.  Here,  there  is  the  same  number  of  spores  in  each  portion,  but  one  por- 
>n  has  a  volume  of  1  while  the  other  portion  now  has  a  volume  of  1,000.  If 
ery  unit  volume  of  both  portions  of  food  is  subjected  to  a  heat  process  of  F  =  6, 
spore  in  the  first  portion  having  a  volume  of  1  will  have  a  vastl}r  greater  prob- 
>ility  of  surviving  than  will  a  spore  in  the  second  portion.  This  is  revealed  to 
by  the  survivor  curve  which  tells  us  that,  if  we  have  2  unit  volumes  of  food 
aterial,  one  containing  1,000  times  as  many  spores  as  the  other,  the  spores  being 
entical  individually  in  heat  resistance,  it  will  take  longer  to  destroy  the  spores 
the  first  unit  volume  than  it  will  take  in  the  second. 

In  the  rationalization  of  this  problem,  reasoning  sometimes  follows  a  course 
ch  as  to  indicate  that  the  true  significance  of  numbers  of  cells,  as  applied  to 
rvivor  curves,  is  not  realized.  In  the  equation 

x  =  D(log  y  -  log  y0)  (3.1) 

hich  represents  the  survivor  curve,  y  and  i/0  are  sometimes  described  as  desig¬ 
ning  numbers  of  viable  cells  before  and  after  heating.  Actually,  by  definition 
the  survivor  curve,  y  and  y0  designate  concentrations  of  viable  cells.  To 
erely  use  the  word  “numbers”  in  describing  y  and  y0  does  not  depict  the  true 
iture  of  the  survivor  curve.  To  illustrate,  let  us  consider  the  two  portions  of 
od  described  under  Example  2.  Each  portion  has  the  same  number  of  viable 
'ores,  but  the  concentration  of  spores  in  the  first  portion  is  1,000  times  as  great 
i  the  concentration  in  the  second  portion.  Therefore,  if  y  for  the  first  portion  is 
million,  y  for  the  second  portion  is  1,000.  These  values  would  have  to  be  sub- 
ltuted  for  y  in  the  equations  of  the  respective  survivor  curves.  If  a  third  por- 
on  of  the  original  food  material  were  taken,  having  a  volume  of  1,000  units,  the 
due  of  y  in  the  survivor  curve  applying  to  this  portion  would  be  the  same  as 
iat  for  the  survivor  curve  of  the  first  portion,  viz.,  1  million,  although  the  total 
im her  of  viable  spores  in  the  portion  containing  1,000  volume  units  would  be 
00  times  1  million,  or  1  billion.  Thus,  survivor  curves  with  the  same  value 
V  would  apply  to  the  first  portion  containing  1  million  viable  spores  and  to  the 
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third  portion  containing  1  billion  viable  spores,  while,  applying  to  the  second  por¬ 
tion,  containing  1  million  viable  spores,  would  be  a  survivor  curve  in  which  the 
value  of  y  is  the  quotient  of  the  y  value  of  the  first  curve  divided  by  1,000. 


These  examples  are  intended  to  show  that  if  a  survivor  curve  is  applied 
to  two  different  portions  of  food  material  when  a  quantitative  relationship 
in  respect  to  survival  of  microorganic  cells  is  to  be  established  between 
the  two  food  portions,  the  principle  of  expressing  the  quantity  y  in  terras 
of  concentration  and  not  simply  in  terms  of  numbers  must  be  observed. 
Otherwise,  the  relative  significance  of  numbers  of  survivors  in  different 
portions  of  a  food  mass  is  obscured.  If  number  of  survivors  in  a  portion 
of  food  is  considered  in  an  isolated  sense,  without  respect  to  its  quanti¬ 
tative  relationship  to  survivors  in  another  portion  of  food,  it  is  permissible 
to  express  y  in  terms  of  numbers  without  respect  to  concentration. 

It  is  agreed  by  all  that  the  criterion  of  a  calculation  must  depend  upon 
the  probability  of  survival  of  a  single  spore  having  the  capability  of  germi¬ 
nating  in  some  portion  of  the  food.  If  there  is  an  iso-F-value  shell  having 
a  volume  of  1,000  units  located  in  a  container  a  distance  from  the  central 
axis  equal  to  one-half  the  radius  of  the  container,  there  is  a  large  number 
of  food  portions,  each  having  a  volume  of  1,000  units,  located  nearer  to 
the  center  of  the  container  than  the  given  iso-F-value  shell.  Any  one  of 
these  food  portions,  after  a  process,  contains  a  greater  number  of  sur¬ 
vivors,  or  is  more  likely  to  contain  one  survivor,  than  the  given  iso-F-value 
shell,  and  the  portion  that  contains  the  greatest  number  of  survivors,  or 
is  most  likely  to  contain  one  survivor,  is  that  which  contains  the  point  in 
the  food  mass  which  suffers  the  least  effect  from  the  lethal  energy. 


Of  all  principles  involved  in  the  problem  under  consideration,  failure  to 
observe  this  principle  of  survivor  curves  is  most  often  responsible  for  fal¬ 
lacious  reasoning.  We  repeat:  the  true  criterion  rests  in  the  question, 
At  what  location  in  the  food  mass  is  the  point  at  which  a  spore  is  most 
likely  to  survive,  retaining  the  capability  of  reactivation?  Again,  we 
answer:  That  point  is  the  one  which  is  subjected  to  the  least  lethal  effect. 

Survivor  curves  represent  the  results  of  experiments  on  the  rate  of 
destruction  of  viable  microorganisms.  A  curve  thus  established  may  be 
used  in  comparative  relationships  only  when  applied  to  the  same  micro¬ 
organism  and  the  same  substrate  as  those  used  in  the  experiment  and  with 
a  concentration  of  viable  organisms  per  milliliter  ( y  value)  which  is  rep¬ 
resented  by  some  point  on  the  curve.  Flic  point  on  the  curve  representing 
this  concentration  designates  zero  time  on  the  scale;  in  other  words,  it 
designates  the  beginning  of  the  heating  period.  Therefore,  a  survivor 
curve  representing  the  results  of  a  test  on  a  microorganism  ha\  ing  an 
initial  concentration  of  N  spores  per  milliliter  is  applicable  to  this  micro¬ 
organism  when  the  initial  concentration  is  N  spores  per  1 ,000  ml  by  letting 
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e  point  on  the  curve  representing  a  concentration  of  N/\  ,000  spores  per 
illiliter  designate  zero  time,  or  the  beginning  of  the  heating  period,  i  o 
ustrate,  the  survivor  curve  B  shown  in  Fig.  4.21  (Chap.  4)  may  be 
)plied  to  the  microorganism  for  which  it  was  established  when  the  initial 
mcentration  of  viable  spores  is  1  million  per  milliliter  by  designating  as 
ro  time  the  point  on  the  time  scale  marked  0  min,  when  the  initial  con- 
ntration  of  viable  spores  is  10,000  per  milliliter  by  designating  as  zero 
me  the  point  on  the  time  scale  marked  2  min,  or  when  the  initial  con- 
mtration  of  viable  spores  is  10  per  milliliter  by  designating  as  zero  time 
ie  point  on  the  time  scale  marked  5  min.  The  possibility  of  lag  in  rate 
'  destruction  at  the  beginning  of  the  heating  period  is  here  neglected  by 
turning  that  the  curve  is  straight,  beginning  at  zero  time. 

According  to  the  definition  of  the  survivor  curve,  therefore,  when  such 
curve  is  applied  to  iso-F-value  shells,  or  iso-/- value  regions,  within  the 
mtents  of  a  container,  the  same  value  of  y  must  be  used  in  the  survivor- 
irve  equation  as  the  equation  is  applied  to  all  shells  or  regions.  The 
ithors  adhere  to  this  principle  in  the  calculation  procedure  developed 
Chap.  15,  and  they  believe  that  departure  from  this  principle  cannot 
?  justified. 

To  return  briefly  to  the  matter  of  defining  the  location  of  the  point  of 
•eatest  probability  of  survival,  we  trust  that  we  have  made  it  clear  that 
lis  definition  must  depend  upon  one’s  interpretation  of  the  definition 
probability  in  this  application.  To  the  authors,  the  point  of  greatest 
•obability  of  survival  is  the  point  which  is  subjected  to  the  least  effect 
lethal  heat,  which  is  referred  to  as  the  critical  point.  There  would 
em  to  be  no  rational  justification  for  accepting  any  other  interpretation 
:cept  under  one  condition.  This  is  the  premise  that  the  chance  that  a 
>ore  having  resistance  at  the  highest  level  being  present  at  the  critical 
jint  is  so  remote  that  the  hazard  of  neglecting  it  is  inconsequential.  We 
■e  not  prepared  to  accept  this  premise. 


Relative  Volumes  of  Iso-F-Value  Shells 

The  postulation  of  a  progressive  increase  in  initial  heat  resistance  of 
lores  m  the  iso-F-value  shells,  going  from  center  to  periphery  of  a  con- 
mer,  has  already  been  mentioned.  This  hypothesis  depends  upon  the 
isumption  that  the  iso-F-value  shells,  considered  in  order  from  center  to 
iriphery,  increase  in  volume  progressively.  The  hypothesis  is  essential 
»,  but  is  not  a  precursor  of,  an  acceptance  of  the  possibility  that  the  point 

greatest  probability  of  survival  is  not  the  point  that  suffers  the  least 
feet  from  the  lethal  agent. 

It  can  readily  be  proven  that,  in  the  Stumbo  concept,  the  location  of 

on  m  t  7  t  gleatest  probability  of  survival”  depends  directly 
ton  (1)  the  rate  of  heat  penetration  and  (2)  the  relative  magnitudes  of 
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the  volumes  chosen,  the  designation  of  which,  for  the  present  purpose, 
may  be  changed  to  iso -mean  F-value  shells  because  the  F  value  may  not 
be  uniform  throughout  the  volume  of  the  shell.  Thus,  the  nominal  F 
value  of  the  shell  would  be  the  mean  of  the  F  values  throughout  the  shell. 
Without  presenting  such  proof,  the  authors  are  usurping  the  right  to 
show,  in  Fig.  3.1,  what  they  think  the  relationship  is  among  the  three 


Fig.  3.1.  Influence  of  rate  of  heat  penetration  and  of  relative  magnitudes  of  the 
volumes  of  the  iso-F-value  shell  upon  the  location  of  the  shell  which  contains  the 
greatest  number  of  survivors. 

up  =  ratio  of  volume  of  peripheral  iso-F-value  shell  to  that  of  the  iso-F-value 

shell  at  the  critical  point.  j 

x  =  radial  distance  from  critical-point  axis  to  the  iso-F-value  shell  having  the 

greatest  number  of  survivors. 

A  indicates  low  rate  of  heat  penetration. 

T  indicates  high  rate  of  heat  penetration. 

r  =  radius  of  the  container.  it 

Each  curve  represents  a  rate  of  heat  penetration  intermediate  to  rate  A  and  rate  1  • 

factors,  rate  of  heat  penetration,  shell  volume,  and  location  of  the  shell 
having  the  greatest  number  of  survivors. 

The  construction  of  Fig.  3.1  is  based  entirely  upon  reason.  Mathe¬ 
matical  proof  of  the  relationship  is  not  attempted  because  we  are  satisfied 
that  logic  alone  is  sufficiently  convincing  of  the  fact  that  the  location  o 
the  iso-F-value  shell  that  will  contain  the  greatest  number  of  survivors 
can  be  changed  at  will  by  varying  the  volume  relationship  among  the 
shells.  Stumbo  [15]  showed  that  the  location  varies  with  the  rate  of  heat 

penetration.  .  , 

The  volume  relationship  can  be  varied,  of  course,  by  varying  the  ttnc 


127 


FOUNDATION  OF  FOOD  PROCESS  CALCULATION  METHODS 

iss  of  the  shells.  For  instance,  if  it  is  desired  that  the  peripheral  shell 
tve  less  volume  than  the  volume  element  that  contains  the  critical  point, 
is  condition  can  be  brought  about  by  making  the  side  wall  and  end 
icknesses,  Ax  and  A 2,  respectively,  of  the  outermost  shell  sufficiently 
lall  to  make  the  desired  relationship  between  volumes  exist. 

Assuming  that  each  iso-F-value  shell  is  a  perfect  cylinder  with  plane 
ids,  the  volume  of  a  shell  (walls  only— not  the  volume  enclosed  by  the 
iell)  can  be  shown,  by  solid  geometry,  to  be  roughly  as  indicated  in  Eq. 

.2). 

Va  =  —  Xa 2  AXa  (3.2) 

r 

here  va  =  volume  of  walls  of  shell  a 
l  =  length  of  container 
r  =  radius  of  container 
xa  =  radius  of  shell  a  (midpoint  of  wall) 

A xa  =  radial  thickness  of  wall  of  shell  a 
We  shall  let  o>p  represent  the  ratio  of  the  volume  of  the  peripheral  shell 
i  the  volume  of  the  shell,  which  contains  the  critical  point,  and  coa  the 
,tio  of  the  volume  of  shell  a  to  the  volume  of  the  shell  which  contains 
ie  critical  point.  Now,  we  shall  assume  (simply  because  it  appears  to 
}  a  logical  relationship)  that 

Wa  =  1  +  -y  (o)p  —  1)  (3.3) 

my  other  logical  form  might  have  been  assumed  for  (3.3)  without 
ibstantially  affecting  the  result.] 

Letting  v0  equal  the  volume  of  the  shell  that  contains  the  critical  point, 
e  have 

Va  ~  WaVo 

so  Vp  =  copy(, 

here  vp  =  volume  of  peripheral  shell  walls 
From  (3.2),  (3.3),  and  (3.4),  we  have 

a  yo  /  r  ,  \ 

‘Ta  “  frrtxa  +  “p  “  1)  (3-6) 

Equation  (3.6)  is  helpful  in  enabling  one  to  comprehend  the  variation 
i  magnitude  of  Ax  with  variation  in  volume  of  the  iso-F-value  shells, 
or  instance,  for  a  No.  10  can  (603  X  700),  when  the  volumes  of  all  shells 

;enlen+tlcal  ^  =  !)»  of  the  shel1  having  a  radius  of  0.01  in.  is  almost 
>,000  times  as  great  as  Ax  of  the  peripheral  shell.  If  the  radial-wall 
nckness  Ax  of  the  shell  having  a  radius  (to  the  midpoint  of  the  shell  wall) 
0.01  in.  is  0.02  in.,  the  thickness  of  the  peripheral  shell  would  be  approxi- 


(3.4) 

(3.5) 
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mately  21  X  10~8  in.  According  to  (3.G),  if  r0  =  1,  the  radial  thickness 
of  the  peripheral  shell  is 


A  xp 


OJp 

3-irlr 


(3.7) 


In  other  words,  Axp  is  directly  proportional  to  cop  and  is  inversely  propor¬ 
tional  to  Sir Ir,  which  is  approximately  the  surface  area  of  the  peripheral 
shell.  This  is  exactly  the  surface  area  of  the  peripheral  shell  when  l  =  2 r 
i.e.,  when  Ax  =  A z.  When  cop  =  1  (all  shells  are  of  equal  volume),  Ax  for 
all  iso-E-value  shells  is  inversely  proportional  to  3irlx2/r,  which,  when 
l  =  2 r,  is  the  surface  area  of  the  shell.  As  ojp  increases  in  magnitude,  Ax 
for  all  iso-F-value  shells  approaches  the  state  of  being  inversely  propor¬ 
tional  to  3irlx,  which,  when  l  =  2 r,  is  r/x  times  the  surface  area  of  the 
shell.  This  relationship  is  controlled  by  the  assumed  relationship  between 
oja  and  c op  [see  (3.3)]. 

By  (3.6),  a  ratio  of  1 : 1  between  Axp  (radial  thickness  of  the  peripheral 
shell)  and  Axa  is  obtained  only  when  o>p  =  <x> .  As  long  as  cop  has  a  finite 
value,  the  ratio  value  will  be  practically  that  of  3-irlxa. 

Ratios  calculated  from  (3.6)  between  Axa  and  Axp  for  xa  =  0.01  in.  are 
given  in  Table  3.1.  Equation  (3.6)  gives  the  value  of  Axp  after  the  sub¬ 
stitution  of  symbols  having  subscript  p  for  the  corresponding  symbols’ 
having  subscript  a .* 

Table  3.1.  Ratios  of  Radial-wall  Thickness  of  Shell  a  to  Radial-wall 
Thickness  of  Peripheral  Shell  When  Radius  of  Shell  a  Equals 

0.01  In.  in  No.  10  Can 
(l  =  7,  r  =  3.1) 


Ratio 

Ratio 

UJp 

AXa/AXp 

C dp 

Axa/Ax 

0.1 

954 , 400 

100 

1  ,264 

1.0 

95,700 

1,000 

405 

2.0 

48 , 000 

1 .000,000 

309 

5.0 

19,300 

co 

1 

10 

9,860 

The' purpose  of  this  discussion  of  the  volume  relationship  among  iso -F- 
value  shells  is  to  create  for  the  reader  a  realistic  conception  of  the  mag¬ 
nitudes  of  differences  involved  in  these  relationships  when  the  relation¬ 
ships  are  accepted  as  determining  factors  in  establishing  the  location  of 
the  point  of  greatest  probability  of  survival. 

*  Equations  (3.2),  (3.3),  and  (3.G)  are  very  rough  approximations  of  the  relation¬ 
ships  indicated.  They  are  in  greatly  simplified  form,  as  compared  to  equations  which 
express  these  relationships  precisely.  While  the  values  in  1  able  3.1  are  not  correct, 
they  are  in  approximately  the  same  relative  orders  of  magnitude  as  the  correct 
values.  Since  these  values  provide  the  intended  substantiation  to  the  principle  under 
consideration  and  thus  adequately  serve  the  purpose  of  this  discussion,  it  "as 
decided  that  the  equations  in  simplified  form  should  be  used. 
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Table  3.1  merely  gives  an  indication  of  the  degree  of  flexibility  which 
ists  in  a  method  of  determining  the  location  of  the  point  of  greatest 
obability  of  survival,’'  in  which  this  location  depends  upon  the  relative 
lumes  of  a  series  of  nested  shells.  Either  the  relative  volumes  or  the 
lative  thicknesses  of  the  shells  must  be  chosen  arbitrarily,  fable  3.1 
ows  how  the  relative  volumes  are  related  to  the  relative  thicknesses, 
umbo  chose  unity  as  the  ratio  of  the  thicknesses  of  the  shells  (Axa/ Axp) . 
iis  means  that  the  shells  are  of  equal  thickness.  Another  ratio  would 
,ve  been  equally  logical.  For  instance,  if  equal  volumes  for  the  iso-F- 
Aue  shells  in  a  No.  10  can  were  desired,  the  ratio  of  Axa  to  Axp  would  be 
,700. 

Present  Status  of  the  Criterion  Question 


In  his  1953  presentation,  Stumbo  [17]  states,  “Accurate  evaluation  can 
:  accomplished  only  if  all  points  in  the  container  are  considered,  the 
suit  of  the  heat  process  as  it  concerns  the  whole  container  being  the  sum 
effects  of  all  points  throughout  the  container.”  This  thought  is  invari- 
•ly  associated  with  the  belief  that  (1)  the  location  of  greatest  probability 
survival  should  be  treated  as  a  critical  location  and  (2)  this  location 
oves  about,  depending  upon  the  conditions  of  the  process.  Therefore 
is  to  be  assumed  that  these  two  ideas  are  postulated  in  Stumbo’s 
lculation  procedure. 

The  above  quoted  statement  is  interpreted  to  mean  that  the  Fs  basis 
evaluation  should  be  used  in  calculations  to  predict  sterilization.  (Fg 
the  F  value  of  a  process  based  upon  the  survivors  of  the  entire  container 
a  criterion.)  The  procedure  developed  in  his  presentation  substan¬ 
ces  this  interpretation.  He  outlined  a  calculation  procedure  based  on 
is  principle,  which  principle,  without  question,  is  a  sound  one  in  its 
oper  place.  That  the  results  obtained  by  a  method  of  calculation  based 
1  the  Fs  hypothesis  differ  from  those  obtained  by  a  method  based  on  the 
hypothesis  is  shown  in  comparisons  presented  both  by  Stumbo  [17]  and 
T  the  authors  in  Chap.  15. 

The  authors  believe  that,  while  the  Fg-value  basis  is  proper  for  evalu- 
mg  the  destruction  of  organoleptic  quality,  vitamins,  and  possibly 
izyrnes,  where  knowledge  of  the  number  of  survivors  per  container  is 
e  prime  objective  of  the  calculation,  the  critical-point  basis  shovdd  be 
ied  for  sterilization  calculations  until  reliable  information  shall  have 
:C0me  available  relative  to  variations  in  heat  resistance  of  individual 
'ores.  If  such  information  should  validate  the  probability  that  the  spore 
greatest  heat  resistance  will  not  be  present  in  the  critical  point  often 

T°  concf n- the  question  of  changing  the  basis  of  calculation 
ould  then  be  considered. 

In  any  method  of  calculation  based  upon  survival  within  the  entire 
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contents  of  a  container,  it  is  immaterial  whether  or  not  the  principle  set 
forth  previously,  pertaining  to  the  use  of  the  equation  of  the  survivor 
curve,  is  followed.  The  result  will  be  the  same  if  y  is  used  to  represent 
concentration  as  it  will  if  y  is  used  merely  to  represent  numbers  of  cells 
in  iso-F-value  shells.  On  the  destruction  of  all  entities  except  the  haz¬ 
ardous  ones  (bacteria,  virus,  etc.),  percentage  survival  in  the  container  as 
a  unit  probably  is  the  proper  basis  for  calculations. 

Stumbo’s  concept  of  “location  of  greatest  probability  of  survival”  has 
been  discussed  by  Jakobsen  [5]  and  others. 

Location  of  Critical  Point 

The  point  which  suffers  the  least  lethal-heat  effect  in  a  product  that 
heats  by  conduction  is  usually  in  or  near  the  geometrical  center  of  the 
container.  It  has  been  reported  by  Tischer  and  coworkers  [19],  however, 
that  in  some  conduction-heating  meat  products,  a  region  shaped  like  a 
doughnut  around  the  geometrical  center  has  been  found  to  have  the  least 
lethal-heat  effect.  A  puzzling  pattern  of  distribution  of  temperature  in 
the  chunks  of  beef  was  shown.  Distance  from  the  can  wall  seems  to  have 
had  a  somewhat  incidental  effect.  Lethal  values  at  different  times  were 
erratic,  in  so  far  as  location  was  concerned.  Variation  in  structure  of  the 
product  in  various  regions  might  have  been  a  deciding  factor,  although 
one  consistent  result  was  that  the  center  point  usually  had  a  higher  lethal 
effect  than  points  immediately  surrounding  the  center.  While  this  con¬ 
dition  does  not  affect  the  procedure  for  calculating  lethal  value  of  a  process 
at  a  point,  it  does  indicate  the  importance  of  knowing  the  exact  location 
of  the  critical  point  for  which  an  evaluation  is  to  be  made.*  That  is  the 
question  involved  in  the  assumption  of  Stumbo  which  was  discussed  in 
the  preceding  paragraphs. 

*  In  Chap.  15,  the  reader  will  find  that  calculations  of  the  distribution  of  lethal 
heat  within  a  container  of  a  conduction-heating  product  sometimes  show  the  region 
of  least  lethal  effect  to  be  not  the  center  of  the  container  but  an  iso -j  region  a  short 
distance  from  the  center.  This  is  shown  in  calculations  of  E\  values  in  Tables  15.9, 
15.10,  15.12,  and  15.13.  The  reason  for  this  phenomenon  is  made  clear  in  thosei 
tables.  The  comparatively  high  lethal  effect  of  the  cooling  portion  of  a  still  process! 
of  a  conduction-heating  product,  at  the  center  of  the  container,  accounts  for  this  dis¬ 
tribution.  The  particular  calculations  cited,  applying  to  the  conditions  of  Problems  4- 
and  7  of  Chap.  15,  reveal  the  iso -j  region  of  least  lethal  effect  to  be  located  a  distance i 
from  the  center  which  equals  approximately  20  per  cent  of  the  distance  from  the i 
center  to  the  outside  surface.  This  indicates  that,  in  process  calculations  based  upon 
conditions  at  a  critical  point,  heat-penetration  results  for  a  point  a  short  distance ■ 
away  from  the  center  of  the  container  should  be  used.  Since  this  phenomenon  is  duei 
to  cooling  lag  near  the  center  of  the  container,  it  does  not  appear  likely  that  it  wil  - 
be  found  in  convection-heating  products. 
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Conclusion 

Answers  to  the  seven  questions  posed  in  the  early  portion  of  this 
lapter,  based  upon  specific  experimental  evidence,  cannot  yet  be  given, 
ogical  deductive  answers  are  possible,  however. 

Since  it  is  a  generally  accepted  fact  that  spores  are  injured  by  heat  in 
ich  a  way  as  to  affect  their  capabilities  to  perform  metabolic  functions, 
e  may  assume  negative  answers  to  questions  5  and  6. 

Question  1.  Literature  indicates  that  justification  for  using  the  num- 
er  of  residual  viable  spores  per  container  as  the  criterion  of  the  value  of 
process  rests  in  the  hypothesis  that  the  location  in  which  the  spores  have 
le  greatest  probability  of  survival  is  not  the  location  that  is  subjected  to 
le  smallest  quantity  of  lethal  heat.  Logic  shows  this  hypothesis  to  be 
lvalid. 

Question  2.  All  workers  in  this  field  agree  that  the  basic  criterion  of 
le  sufficiency  of  a  process  must  depend  upon  the  probability  of  the  sur- 
ival  of  a  single  spore.  The  Fc-value  basis  of  evaluating  sterilizing  proc- 
5ses  uses  the  probability  of  survival  of  a  single  spore  as  its  criterion, 
side  from  the  indications  of  experience  over  many  years  that  this  cri- 
irion  is  valid,  logic  shows  the  opposing  criterion  of  the  number  of  residual 
Tores  per  container  to  be  invalid  because  there  cannot  be  as  great  a 
robability  of  a  spore  surviving  in  any  food  portion  away  from  the  critical 
oint  as  there  is  of  its  survival  in  the  food  portion  which  contains  the 
ritical  point.  Calculations  which  seem  to  show  that  there  is  a  greater 
robability  of  survival  of  a  spore  in  food  located  away  from  the  critical 
oint  than  in  food  located  at  the  critical  point  are  based  upon  a  false 
remise. 

Questions  3,  4,  and  7.  There  is  extensive  experimental  and  commer- 
al  evidence  that  spores  in  a  suspension  with  a  given  concentration  are 
educed  in  number  to  one  viable  spore  by  the  action  of  a  smaller  amount 
f  lethal  heat  than  are  similar  spores  in  a  suspension  with  a  higher  con- 
mtration  in  an  identical  substrate.  The  explanation  for  this  fact  is  not 
nown.  A  frequently  suggested  explanation  attributes  the  phenomenon 
j  variability  in  heat  resistance  of  individual  spores.  The  fact  that  the 
ite  of  destruction  of  spores  is  logarithmic,  however,  requires,  under  this 
ostulation,  the  improbable  condition  that  a  fixed  relationship  must  exist 
etween  the  concentration  of  spores  and  the  magnitude  of  the  maximum 
‘sistance  of  individual  spores.  An  alternative  postulation  is  that  the 
i eater  res^tance  of  spores  in  higher  concentration  is  due  to  a  mutually 
otective  effect  among  the  spores  when  they  are  in  close  proximity  to 
ne  another.  The  answers  to  questions  3,  4,  and  7  all  depend  upon  the 
xplanation  of  the  effect  of  concentration  of  spores  upon  resistance  Until 
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the  reason  for  this  phenomenon  is  known,  these  questions  cannot  he 
answered. 

Notwithstanding  the  fact  that  answers  to  some  of  the  seven  questions 
cannot  be  given,  a  logical  analysis  of  the  problem  leads  to  the  conclusion 
that  the  probability  of  survival  of  a  spoilage  organism  at  the  point  in  the 
mass  of  food  which  suffers  the  least  lethal-heat  effect  is  the  correct 
criterion  of  the  sufficiency  of  a  sterilizing  process. 

LITERATURE  CITED 

1.  T.  G.  Gillespy:  Estimation  of  sterilizing  value  of  processes  as  applied  to  canned 
foods.  1.  Packs  heating  by  conduction,  J.  Sci.  Food  Agr.,  2:107  (1951). 

2.  E.  W.  Hicks:  On  the  evaluation  of  canning  processes,  Food  Technol.,  6:134  (1951). 

3.  E.  W.  Hicks:  Some  implications  of  recent  theoretical  work  on  canning  processes, 
Food  Technol.,  6:175  (1952). 

4.  J.  H.  Holloman  and  J.  C.  Fisher:  Nucleation  and  growth  of  cell  colonies,  Science , 
111:489  (1950). 

5.  Finn  Jakobsen:  Notes  on  process  evaluation,  Food  Research,  19:06  (1954). 

6.  D.  E.  Lea:  “Actions  of  Radiations  on  Living  Cells,”  The  Macmillan  Company, 
New  York,  1947. 

7.  B.  H.  Morgan  and  C.  W.  Bohrer:  Sterilization  by  atomic  radiation,  Proc.  Tech. 
Sess.  46 th  Ann.  Conv.  NCA  (1953). 

8.  Harold  J.  Morowitz:  Absorption  effects  in  volume  irradiation  of  microorganisms, 
Science,  111  (2879)  :299  (1950). 

9.  J.  T.  R.  Nickerson,  B.  E.  Proctor,  and  S.  A.  Goldblith:  Public  health  aspects 
of  electronic  food  sterilization,  Am.  J.  Public  Health,  43:554  (1953). 

10.  G.  B.  Pratt  and  O.  F.  Eckluncl:  Recent  experiments  in  radiation  sterilization  of 
foods,  NCA  Inform.  Letter  1472,  Jan.  30,  1954. 

11.  B.  E.  Proctor  and  S.  A.  Goldblith:  Prevention  of  side  effects  in  sterilization  of 
foods  and  drugs  by  ionizing  radiations,  Nucleonics,  10:64  (1952). 

12.  B.  E.  Proctor,  S.  A.  Goldblith,  C.  J.  Bates  and  O.  A.  Hammerle:  Biochemical 
prevention  of  flavor  and  chemical  changes  in  foods  and  tissues  sterilized  by  ioniz¬ 
ing  radiations,  Food  Technol.,  6:237  (1952). 

13.  C.  F.  Schmidt:  Thermal  resistance  of  microorganisms,  chap.  32  in  G.  F.  Reddish 
(ed.),  “Antiseptics,  Disinfectants,  Fungicides,  and  Chemical  and  Physical 
Sterilization,”  Lea  &  Febiger,  Philadelphia,  1954. 

14.  J.  A.  Stern  and  B.  E.  Proctor:  A  micro-method  and  apparatus  for  the  multiple 
determination  of  rates  of  destruction  of  bacteria  and  bacterial  spores  subjected 
to  heat,  Food  Technol.,  8:139  (1954). 

15.  C.  R.  Stumbo:  Bacteriological  considerations  relating  to  process  evaluation,  tooa 
Technol.,  2:115-132  (1948). 

16.  C.  R.  Stumbo:  Further  considerations  relating  to  evaluation  of  thermal  processes 

for  foods,  Food  Technol.,  3:126-131  (1949). 

17.  C.  R.  Stumbo:  New  procedures  for  evaluting  thermal  processes  for  foods  in 

cylindrical  containers,  Food  Technol.,  7 :309  (1953). 

18.  C.  R.  Stumbo,  J.  R.  Murphy,  and  Jeanne  Cochran:  Nature  of  thermal  death  tun 
curves  for  P.A.  3679  and  Clostridium  botulinum,  Food  Technol.,  4:321-326  (Uouj. 

19.  R.  G.  Tischer:  The  effect  of  processing  temperature  upon  the  rate  and  pattern  o 
heat  distribution  within  a  can  of  beef,  Proc.  Symposium  on  Canned  Meals,  a  • 
Research  Council  ( U.S .)  Committee  on  Foods,  p.  38  (1954). 


:hapter  4 


ACTERIOLOGY 


INTRODUCTION 


In  this  chapter  we  have  no  intention  of  giving  anything  like  a  complete 
iscussion  of  bacteriology,  or  even  of  those  phases  of  bacteriology  germane 
3  canning  technology.  The  field  is  too  broad  and  divided  into  too  many 
ighly  specialized  divisions.  Besides,  we  are  not  qualified  to  write  that 
ind  of  a  treatise.  We  shall  content  ourselves  with  a  brief  statement  of 
lie  nature  of  bacteria,  of  the  technics  of  handling  them,  and  of  the  kinetics 
f  their  growth  and  death,  including  a  discussion  of  survivor  curves, 
lermal  death  times,  and  thermal  death  time  curves  in  sufficient  detail 
i  enable  the  reader  to  understand  the  purposes  of  the  later  chapters 
ealing  with  process  calculations. 


Bacteria  are  now  generally  regarded  as  being  microscopic  forms  of  plant 
fe.  Although  this  statement  seems  simple  enough,  we  need  some  elabo- 
ition  before  bacteria  can  be  defined  precisely.  How  do  we  know  a  micro- 
"°Pic  organism  is  a  plant  and  not  an  animal  or  something  else?  In  truth 
-e  do  not  always  know,  or  at  least,  we  do  not  know  well  enough  to  con- 
mce  everybody.  In  the  fields  or  in  the  woods,  it  is  easy  to  look  about 
nd  say  that  the  trees,  flowers,  and  grasses  are  forms  of  plant  life.  Ferns 
nd  mosses,  although  differing  considerably  from  flowering  plants,  are 
jadily  accepted  as  plants.  Lichens  may  temporarily  halt  us,  but  they 

50  wlU  included  amon§  the  P^nts.  Now  all  these  forms  are  green 
r  greenish  since  they  contain  chlorophyll  and  thus  obtain  their  energy 

•om  the  sun.  Occasionally,  however,  we  come  upon  a  parasite  or  a 
iproph,t,c  specimen  (as  the  Indian  pipe)  which  is  pure  white,  with  no 
wee  of  chlorophyll.  This  does  not  bother  us  particularly  since  these 
berrant  species  have  respectable  green  relatives  which  they  so  closely 

dth  little1!  7  illltfea,tUreS  except  color  that  can  call  them  plants 

“own  butCan  r  ,0"'  H°WeVer'  mUshr00ms>  m<>lds,  and  the 

loment  Th  u  ,  COmmon'  rusts  and  smuts  make  us  pause  a 
loment  These  all  belong  to  a  group  known  as  fungi  but  since  thev 

grow  like  plants,”  we  include  them  with  plants.  Then  theTfs  hat 
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strange  thing  known  as  the  slime  fungus,  or  slime  mold.  It  will  grow, 
plantlike,  in  the  form  of  a  slimy  mass  up  to  a  foot  square  and  then  “pull 
stakes”  and  go  sliding  downhill  and  crawling  up  and  over  rocks  and  logs 
only  to  settle  down  later  to  resume  the  complacent  stage  of  its  complicated 
life  cycle.  Whether  this  is  a  single  organism  or  a  colony  of  innumerable 
minute  organisms  cannot  be  definitely  decided,  for  there  are  good  argu¬ 
ments  on  both  sides,  although  most  systematists  are  inclined  to  regard  it 
as  a  colony. 

The  existence  of  things  like  slime  molds  should  make  us  cautious  in 
classifying  living  organisms.  There  seems  to  be  a  never-ending  series  of 
exceptions  to  nearly  anything  that  can  be  said  about  them.  But  we  are 
faced  with  the  practical  necessity  of  naming  things  which  are  of  impor¬ 
tance  to  us,  and  the  task  of  assigning  names  is  much  easier  when  organisms 
are  put  into  classes. 

We  find  in  nature  a  host  of  living  microscopic  creatures  of  all  descrip¬ 
tions.  Some  are  obviously  animal-like  and  are  immediately  turned  over 
to  zoologists.  Among  these  are  the  rotifers  and  nearly  all  of  the  protozoa. 
Of  the  latter,  the  well-known  paramecia  and  amebae  are  the  best  examples. 
But  then  there  are  some  forms  of  algae  which  swim  around  under  the 
microscope  in  as  lively  a  fashion  as  a  paramecium.  These,  however,  are 
bright  green  in  color  and  botanists  claim  them  as  their  own,  without  com¬ 
ment  from  zoologists.  The  notable  exception  is  the  euglena,  which  is 
frequently  green,  as  behooves  a  plant,  but  has  the  annoying  habit  of  now 
and  then  losing  its  color  and  foraging  around  for  smaller  organisms  in  the 
manner  of  a  respectable  protozoan.  Whether  the  euglena  is  a  plant  or 
an  animal  is  largely  a  matter  of  who  is  discussing  it.  But  the  rotifers  and 
algae  are  not  the  only  types  of  microscopic  life.  There  exists  a  large  class 
of  organisms  which  are  obviously  none  of  these  but  have  many  features 
in  common  with  the  fungi.  These  are  the  bacteria  and  yeasts.  In  this 
chapter,  we  are  interested  only  in  the  bacteria. 


CLASSIFICATION  OF  BACTERIA 


The  bacteria  are  all  single-celled  plantlike  organisms  whose  internal 
structure  is  very  little  known.  It  is  likely  that  the  electron  microscope 
will  bring  far  greater  knowledge  of  their  structure  than  exists  at  present. 
For  the  time  being  we  must  be  content  with  a  description  of  their  gross 
features.  Bacteria  are  so  minute,  we  find  it  convenient  to  use  the  micion 
as  a  unit  of  length.  One  micron  (m)  is  defined  as  one-millionth  of  a  meter. 


Thus,  1m  =  10-6  m  =  10-4  cm  =  10  3  mm.  In  size,  bacteria  vary  horn 


0  2m  in  smallest  dimension  to  80M  in  largest  dimension,  with  the  average 
somewhere  between  1  and  2M.  They  take  on  three  distinct  shapes,  whicn 
at  one  time  formed  the  primary  bases  for  classification.  These  are 


BACTERIOLOGY 


135 


pheres,  rods,  and  some  twisted  forms  which,  strictly  speaking,  resemble 
Lelices  but  are  loosely  called  spirals,  and  some  comma-shaped  cells. 

The  spherical,  or  coccus  (plural  cocci),  form  may  occur  singly,  in  pairs, 
11  chains,  in  clumps  or  clusters,  or  in  cubical  masses.  They  are  then 
ailed  the  following: 

Single — coccus  or  micrococcus  •  £ 

Pair — diplococcus  •• 

Chain — streptococcus  ^ 

Clump — staphylococcus* 

Cubical  mass — sarcina 


iince  none  of  the  cocci  are  resistant  to  heat,  they  do  not  form  a  very 
mportant  group  in  food  technology,  as  far  as  heat  sterilization  is  con- 
erned.  They  do  have  importance  as  “indicators,”  since  the  presence  of 
occi  in  food,  which  was  reputedly  sterile,  indicates  either  gross  under- 
terilization  treatment  or  contamination  after  sterilization. 

The  twisted  forms  (vibrio,  spirilla),  up  to  the  present  time  at  least,  have 
ttle  if  any  importance  in  the  sphere  of  food  sterilization  by  heat,  since 
heir  heat  resistance  is  even  less  than  that  of  most  of  the  cocci. 

Rod-shaped  bacteria  may  be  divided  into  two  large  groups,  the  spore- 
armers  and  the  nonspore-formers.  Spores  are  small  opaque  bodies  whose 
ize  is  of  the  same  magnitude  as  the  diameter  of  the  rod-shaped  bodies  of 
be  bacilli.  They  increase  the  capacity  of  the  organism  to  survive  the 
ffects  of  unfavorable  environments  such  as  extreme  heat,  cold,  dryness 
r  chemical  concentration.  The  exact  nature  of  spores  is  not  understood, 
ut  they  probably  have  a  hard  and  impermeable  shell.  Spores  may  be 
armed  in  various  parts  of  the  rod;  if  at  the  end,  they  are  called  polar 
pores;  if  at  the  center,  equatorial  spores. 


/X  /  \ 


Rods  containing  equatorial  and  polar 


spores  (light  areas). 


One  distinction  must  always  be  kept  in  mind, 
orm  minute  spherical  objects  that  are  called 
Rergey  [3]  has  dropped  this  classification. 


As  is  well  known,  molds 
spores.  But  mold  spores 
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are  reproductive  bodies  having  much  the  same  function  as  seeds  in 
increasing  the  number  of  organic  units.  Bacterial  spores,  on  the  other 
hand,  are  not  primarily  reproductive  bodies  but  serve  merely  to  carry 
the  organism  through  an  unfavorable  period.  Bacterial  spores  are 
resistant  to  heat,  and  mold  spores,  relatively  speaking,  are  not  resistant. 

Before  taking  up  the  subject  of  systematic  classification,  a  few  words 
on  the  place  in  nature  of  bacteria  may  be  pertinent.  We  are  all  too 
familiar  with  the  disease-producing,  or  pathogenic,  bacteria.  We  also 
fear  the  staphylococcus  in  food-poisoning  outbreaks,  particularly  in 
pastries  such  as  cream  puffs  and  chocolate  eclairs.  But  these  are  the 
“bad  boys”  of  bacteria.  Most  bacteria  are  perfectly  harmless.  Their 
main  place  in  nature  is  in  decomposing  dead  organic  bodies  such  as  animal 
corpses  and  dead  plants.  It  is  obvious  that  if  every  dead  body  did  not 
decompose  and  go  back  to  the  soil  to  furnish  food  for  more  plants  and 
animals,  we  soon  would  have  the  surface  of  the  earth  covered  with  corpses 
and  no  room  for  anything  else.  To  prevent  such  a  sorry  situation,  nature 
created  the  bacteria.*  Considering  the  innumerable  kinds  of  bacteria  on 
this  earth,  it  is  not  at  all  surprising  that  a  few  have  taken  to  evil  ways 
and  have  become  pathogens. 

Table  4.1.  Systematic  Position  of  Clostridium  tetani 
Phylum  IV.  Spermatophyta  (seed  plants) 

Phylum  III.  Pteridophyta  (ferns,  horsetails,  and  club  mosses) 

Phylum  II.  Bryophyta  (liverworts,  mosses) 

Phylum  I.  Thallophyta  (so-called  “thallus”  plants) 

Subphylum  1.  Algae 
Subphylum  2.  Fungi 

Class  VI.  Fungi  Imperfecti  (oidium,  monilia) 

Class  V.  Basidiomycetes  (smuts,  rusts,  mushrooms) 

Class  IV.  Ascomycetes  (mildews,  blue  and  green  molds) 

Class  III.  Phycomycetes  (black  bread  mold,  water  mold) 

Class  II.  Saccaromycetes  (yeasts) 

Class  I .  Schizomycetes  ( bacteria ) 

Order  1.  Actinomycetales 
Order  2.  Chlamydobacteriales 
Order  3.  Thiobacteriales 
Order  4.  Spirochaetales 
Order  5.  Eubacteriales 

Family  I.  Nitrobacteriaceae 
Family  II.  Coccaceae 
Family  III.  Spirillaceae 
Family  IV.  Bacteriaceae 
Family  V.  Bacillaceae 
Genus  1.  Bacillus 
Genus  2.  Clostridium 
Species:  tetani 

*  The  implied  teleology  in  this  remark  should  not  be  taken  too  seriously.  We  are 
not  concerned  with  the  question,  Which  came  first,  the  barter, a  or  then  food? 
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To  illustrate  the  position  of  bacteria  in  the  plant  world,  let  us  consider 
the  place  of  a  well-known  species,  Clostridium  tetani,  which  is  responsible 
for  the  disease  known  as  lockjaw,  or  tetanus.  This  species  is  closely 
related  to  many  which  give  trouble  in  the  preservation  ol  lood. 

Table  4.1  shows  its  systematic  position  as  accepted  by  most  botanists 
and  bacteriologists.  It  must  not  be  thought  that  a  table  ol  this  type1  is 
of  a  permanent  nature.  As  new  findings  come  to  light,  the  positions  may 
be  shifted,  or  organisms  regrouped.  Various  authorities  may  have  dif¬ 
fering  opinions  as  to  proper  classification,  and  these  opinions  can  also 
change  from  time  to  time.  From  the  table  we  see  that  the  organism 
Clostridium  tetani  is  classed  under  the  phylum  lhallophyta,  subphylum, 
Fungi;  class,  Schizomycetes;  order,  Eubacteriales;  family,  Bacillaceae; 
irenus,  Clostridium;  and  species,  tetani.  Its  scientific  name  includes  the 
jrenus  (which  is  always  capitalized)  and  the  species.  The  species  name 
should  never  be  capitalized  even  though  it  may  be  the  name  of  a  person 
ar  a  place,  as  in  the  cases  of  Clostridium  welchii ,  Borrelia  kochii ,  Salmonella 
schottmuelleri,  Thiospirillum  winogradskii,  Lactobacillus  helveticus.  In 
many  cases,  where  no  confusion  arises,  the  genus  is  abbreviated  and  the 
names  written  Cl.  welchii ,  S.  schottmuelleri,  etc. 


GROWTH  OF  BACTERIA 
Fission 


Clostridium  tetani  is  classed  with  the  fungi  and  under  this,  with  the 
oacteria,  or  schizomycetes,  which  means  splitting  (or  fission)  plants.  The 
"eason  for  this  is  that  bacteria  reproduce  not  by  seeds  or  by  spores,  but 
oy  fission.  That  is,  a  bacterium  will  increase  in  size  up  to  a  certain  point 
md  then  split  into  two  parts,  each  of  which  is  independent  of  the  other. 
Each  of  these  new  organisms  will  later  split  into  two  parts,  provided  con¬ 
ditions  are  favorable.  It  is  fortunate  for  us  that  we  must  add  “pro¬ 
vided  conditions  are  favorable.”  Let  us  see  what  the  result  would  be  if 
conditions  were  always  favorable. 

It  has  been  observed  that,  with  proper  food  and  temperature  conditions, 
a  cell  of  a  certain  type  will  divide  every  15  or  20  min.  Assume  the  time 
between  divisions  is  20  min.  This  is  called  the  “generation  time.” 
Starting  with  a  single  cell,  after  20  min  we  get  two  cells.  After  20  more 
minutes,  each  divides,  and  we  then  have  four  cells.  After  1  hr,  there  are 

eight  cells.  Since  there  are  three  divisions  per  hour,  the  number  N  of 
cells  after  x  hours  will  be 


N  ---  2Sx 

In  just  one  day,  we  will  have  N  =  276  cells, 
as  a  large  number,  we  remember,  hopefully 


(4.1) 

Although  this  is  recognized 
perhaps,  that  bacteria  are 
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very  small.  Let  ns  assume  these  cells  have  a  volume  of  1  cu  m  or,  since 
1m  =  10~4  cm,  the  volume  is  lO'12  cu  cm;  that  is,  one-billionth  part  of  a 
cubic  centimeter.  This  would  be  considered  one  of  the  smaller  bacteria. 
The  total  volume  occupied  by  the  bacteria  produced  in  1  day  from  one 
cell,  assuming  them  packed  side  by  side,  is  then  V  =  276  X  10~12  cu  cm. 
This  number  still  gives  us  little  idea  of  the  magnitude  on  account  of  the 
factor  276.  Taking  logarithms, 

log  V  =  7b  log  2  —  12  log  10 

=  7G  X  0.301  -  12  =  22.876  -  12  =  10.876 
or  V  =  75,000,000,000  cu  cm 

V  =  75,000,000  liters 

If  this  quantity  were  to  flow  over  Niagara  Falls  at  normal  rate  for  the  falls, 
about  15  min  would  be  required! 

This  example  is  given  to  illustrate  the  fact  that  bacterial  multiplication 
can  be  prodigious.  Obviously,  such  vast  quantities  never  appear,  mainly 
because  the  available  food  supply  is  quickly  exhausted. 

Autosterilization 

There  is  another  obstacle  to  bacterial  growth  which  is  of  considerable 
importance  to  us.  Living  bacteria  absorb  food  from  the  liquid  in  which 
they  are  suspended.  It  is  believed  they  do  this  by  secreting  an  enzyme 
which  converts  the  surrounding  material  into  a  form  suitable  for  absorp¬ 
tion  by  the  cell  membrane.  Inside  the  cell,  metabolism  occurs,  and,  by 
analogy  with  larger  and  better-studied  cells  and  by  indirect  inference,  we 
can  be  certain  that  metabolic  by-products  or  wastes  must  be  given  off  by 
the  cell.  These  wastes  have  no  place  to  go  but  into  the  surrounding 
medium.  Eventually  they  may  accumulate  to  such  an  extent  that  not 
only  is  the  cell  inhibited  from  further  absorption  of  food,  but  may  even 
be  poisoned  by  its  own  metabolic  wastes.  In  such  a  case,  we  say  that 
“autosterilization ”  occurs.  It  is  doubtful  that  autosterilization  could 
take  place  if  there  were  but  a  single  cell.  But  when  millions  and  even 
billions  occupy  a  small  volume,  autosterilization  can  be  expected.  It  is 
a  frequent  occurrence  with  canned  foods  to  find  abundant  e\  idence  of 
bacterial  decomposition,  such  as  lowering  of  pH  value,  but  no  viable 
organisms,  all  of  them  having  been  killed  by  autosterilization— a  clear- 
cut  case  of  an  acute  sewage-disposal  problem.  The  significant  fact  here 
is  that  death  of  a  bacterial  culture  can  be  caused  by  other  influences  than 
those  that  are  of  external  origin. 

Multiplication 

Let  us  now  consider  the  phenomena  involved  in  the  growth  and  multi¬ 
plication  of  bacteria.  First,  we  must  have  a  liquid  medium  for  growth. 
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iacteria  cannot  grow  in  a  dry  “ substrate.’  1  here  may  be  occasions 
/hen  bacteria  can  grow  on  an  apparently  dry  surface,  but  it  must  be 
emembered  that  bacteria  are  small,  and  a. mere  “film”  of  moisture,  if  it 
an  be  maintained ,  will  be  sufficient  to  promote  growth.  Second,  bacteria 
annot  obtain  nourishment  from  pure  water;  there  must  be  substances  in 
olution  on  which  the  bacteria  can  feed.  These  are  the  “nutrients.” 
"he  substance  on  or  in  which  bacteria  grow  is  called  the  “nutrient 
tiedium,”  or  just  “medium.”  Bacteriologists  prefer  the  Latin  plural, 
‘media.”  The  two  types  of  media  commonly  used  in  the  laboratory  are 
he  “liquid”  and  the  “solid.”  Liquid  media  are  broths,  usually  made 
rom  meat  extracts,  to  which  are  frequently  added  soluble  protein  diges- 
ive  products,  such  as  “peptone,”  to  promote  or  accelerate  growth.  The 
,ddition  of  a  small  quantity  (1.5  to  2  per  cent  by  weight)  of  “agar-agar” 
also  called  “agar”)  to  the  broth  will  form  a  solid  gel.  We  would  have 
hen,  for  example,  a  beef-extract  broth  or  beef-extract  agar,  as  liquid  and 
olid  media,  respectively. 

Temperature  is  an  important  factor  in  growth.  Some  bacteria  are 
xtremely  sensitive  to  minute  temperature  variations.  These,  for  the 
lost  part,  live  in  the  bodies  of  mammals  and  birds.  Warm-blooded 
reatures  maintain  their  body  temperatures  within  close  limits,  and  bac- 
eria  which  normally  inhabit  them  apparently  have  developed  a  sensi- 
ivity  to  temperature;  they  do  not  thrive  at  temperatures  other  than 
hose  to  which  they  are  accustomed.  Other  bacteria,  while  not  so  critical 
i  their  demands,  have  definite  “ranges”  of  temperature  wherein  they 
an  survive  and  appreciably  smaller  ranges  of  temperature  wherein  they 
an  grow  at  approximately  their  maximum  rate.  For  instance,  a  certain 
rganism  will  survive  if  the  temperature  does  not  fall  below  55  or  go  above 
40°F;  it  will  grow  if  the  temperature  is  between  80  and  110°F  and  will 
uiltiply  at  approximately  its  maximum  rate  between  93  and  98°F.  The 
survival  range”  of  this  particular  organism  is,  therefore  55  to  140°F- 

ke9‘Vowth  80  to  1 10°F;  and  the  “optimum-growth”  temperature 

Bacteria  can  be  divided  into  three  classes,  depending  on  their  growth 
anges.  These  are: 


Classes  of  bacteria 

Psychrophilic . 

Mesophilic . 

Thermophilic . 


Minimum,  °F 

Optimum,  °F 

32-40 

41-76 

77-113 

59-68 

98 

122-131 

Maximum,  °F 


80 

109 

140-176 


In  this  connection,  there  is  another  term  we  need  on  occasion  Tt  i« 
thermodunc”  and  means  the  ability  to  withstand  high  temperatur  ' 


es. 
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Do  not  confuse  this  with  “thermophilic,”  which  means  the  ability  to  grow 
best  at  high  temperature.  Among  the  heat-resistant  forms,  the  thermo- 
duric  organisms  are  generally  those  occurring  naturally  in  hot  springs 
where  the  temperature  may  be  as  high  as  ‘205°F.  However,  when  dealing 
with  nonresistant  organisms,  as  for  instance  those  found  in  milk,  a  thermo- 
duric  organism  might  be  one  that  could  withstand  a  temperature  of  170°F. 
In  the  laboratory,  bacteria  are  grown  in  “incubators”  which  maintain 
the  temperature  at  a  constant,  predetermined  value. 

With  these  definitions  out  of  the  way,  we  can  perform  a  hypothetical 
experiment*  in  which  a  single  dry  bacterium  is  placed  in  a  nutrient  medium 
maintained  at  the  optimum-growth  temperature.  The  task  of  picking 
up  a  single  bacterium  and  putting  it  elsewhere  is  admittedly  not  an  easy 
one,  but  there  is  a  device  called  a  “micromanipulator”  which  can  do  this 
very  thing.  Exactly  what  happens  after  the  cell  is  placed  in  the  medium 
we  do  not  know,  but  we  can  make  some  reasonable  conjectures.  First  of 
all,  the  cell  gets  wet  and  moisture  penetrates  the  cell  wall.  After  a  time, 
some  mechanism  within  the  cell,  responding  to  the  presence  of  water, 
senses  the  fact  that  there  is  food  outside,  and  an  enzyme  or  enzymes  are 
then  secreted  into  the  medium  to  convert  the  substance  into  something 
that  can  be  absorbed  by  the  cell  wall.  Once  this  material  is  absorbed, 
the  cell  begins  to  grow,  finally  reaching  the  point  where  it  splits  into  two 
cells.  The  time  from  that  at  which  the  bacterium  was  put  into  the 
medium  until  it  split  into  two  cells  is  called  the  “lag  phase”  of  bacterial 
growth. 

These  two  cells  now  go  ahead  absorbing  food  and  excreting  their 
metabolic  wastes  until  they  too  divide,  giving  rise  to  two  more  cells. 
This  process  continues  until  the  available  food  supply  begins  to  diminish 
or  until  the  accumulation  of  waste  products  begins  to  be  felt.  There  is 
obviously  no  sharp  point  where  either  of  these  conditions  arises,  but,  sooner 
or  later,  the  growth  rate  diminishes  from  one  or  both  of  these  causes. 

Experimental  Determination  of  Rate  of  Growth 

If  we  were  to  conduct  a  practical  experiment  to  determine  the  growth 
rate,  we  could  start  with  a  “stock  culture,”  which  is  nothing  but  a  pure 
growth  of  a  single  kind  of  bacteria  maintained  in  the  laboratory.  The 
stock  culture  is  most  frequently  grown  and  maintained  on  “agar  slants. 
These  are  test  tubes  partially  filled  with  hot  nutrient  agar  and  put  into 
a  slanting,  almost  horizontal,  position  while  the  agar  cools  and  solidifies 
(Fig.  4.1),  thus  exposing  a  larger  surface  to  the  air  than  would  be  expose 
if  the  agar  had  solidified  while  the  tube  was  upright.  The  tubes  are  fre¬ 
quently  stoppered  with  cotton  plugs  which  serve  to  prevent  outside  con- 

*  We  like  the  German  expression  Gedankenversuch  for  such  an  experiment. 
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amination  and  at  the  same  time  permit  access  of  air  to  the  inside  of  the 
ube. 

A  quantity  of  bacteria  (one  or  more  cells)  is  scraped  off  the  surface  of 
he  slant  with  an  “inoculating  needle”  (Fig.  4.2)  and  placed  in  a  medium, 
"hese  bacteria  constitute  the  “inoculum,”  and  the  medium  is  then  said 
o  be  “inoculated.” 


Fig.  4.1.  Agar  slants. 


Fig.  4.2.  Inoculating  needle. 

There  would  be  little  point  in  performing  this  experiment  if  there 
1  ready ^ were  bacteria  in  the  medium;  that  is,  the  medium  must  be 
sterile”  before  inoculation.  To  ensure  sterility,  the  medium  is  first 
repared,  then  put  into  tubes  or  flasks,  stoppered  with  cotton  plugs,  and 
sterilized”  in  an  “autoclave”  (Fig.  4.3),  or  “retort,”  or  “steam  chest.” 
hese  are  names  for  various  types  of  the  familiar  pressure  cooker  found 
i  many  kitchens.  Common  practice  in  sterilizing  a  medium  is  to  cook 
J  *or  *rom  15  to  20  min  in  steam  at  15  lb  pressure.* 

After  inoculation,  the  medium  is  placed  in  an  incubator  in  order  to 
eep  it  at  a  constant  temperature.  How  do  we  know  what  is  going  on 

'ilhcr  T  'Um  drring  incubation?  We  fi"d  out  by  analysing  samples, 
ather  of  two  instruments  can  be  used  for  taking  a  sample— the  “inoon 

»tmg  loop-  (Fig.  4.4)  or  the  “pipette-  (Fig.  4.!).  AninoculatingToop 

*  See  Tanner  [17,  p.  1107], 
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is  like  the  inoculating  needle  except  that  the  end  of  the  wire  is  formed  into 

a  loop  of  known  size,  the  theory  being  that 
when  the  loop  is  inserted  into  a  liquid  and  with¬ 
drawn,  it  will  take  with  it  a  given  and  known 
amount  of  the  liquid.  It  is  a  highly  practicable 
but,  at  best,  a  rather  crude  device.  A  pipette  is 
a  graduated  glass  tube,  which,  for  this  purpose, 
is  made  to  withdraw  a  small  quantity  of  liquid, 
usually  from  0.1  to  10  ml.  A  pipette  is  gener¬ 
ally  more  accurate  than  an  inoculating  loop,  but 
we  must  recognize  the  fact  that  a  good  techni¬ 
cian  can  often  do  better  with  a  loop  than  a  poor 
technician  can  do  with  a  pipette.  Under  or¬ 
dinary  conditions  a  loop  is  used  to  withdraw  a 
very  small  sample  (a  drop)  and  a  pipette  to 
withdraw  a  larger  sample. 

Having  our  sample,  we  count  the  bacteria  in 
it  in  order  to  estimate  the  number  of  bacteria 
in  the  medium.  Counting  is  done  by  any  one 
of  several  methods  which  are  described  in 
manuals  of  bacteriological  laboratory  technic.* 
By  following  the  procedure  just  described, 
workers  in  the  field  of  bacteriology  have  pro¬ 
duced  data  from  which  they  have  constructed 


Fig.  4.4.  Inoculating  loop. 
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Fig.  4.5.  Pipettes. 


*See  Tanner  [17,  p.  331]. 
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urves  representing  the  growth  behavior  of  bacteria.  Such  a  curve, 
ublished  by  Jensen  in  1942  [5]  to  show  the  typical  characteristics  of  the 
umbers-time  relationship,  is  shown  in  Fig.  4.G. 


'ig.  4.6.  Growth  curve.  General  form  of  the  curve  of  the  multiplication  rates  of 
acteria. 


"Logarithmic  Phase’’  of  Growth 

The  beginning  of  slow-down  in  the  rate  of  multiplication  is  often 
eferred  to  as  “the  end  of  the  logarithmic  phase  of  bacterial  growth." 
"his  does  not  seem  to  be  an  apt  expression  since  retardation  in  rate  of 
ropagation  results  from  a  gradual  build-up  of  inhibiting  influences.  An 
dual  logarithmic  phase  of  growth,  during  which  the  rate  of  increase  in 
umbers  of  cells  is  represented  by  a  straight  line  on  semilogarithmic  paper, 
’ill  last  only  as  long  as  there  is  no  increase  in  inhibiting  influence  in  the 
nbstrate.  The  rate  of  propagation  decreases  progressively  as  the  power 
f  the  inhibiting  forces  grows  in  magnitude;  at  the  same  time,  these  forces 
egin  to  reduce  the  stamina  of  the  viable  cells,  having  the  effect  of  short- 
nmg  their  lives.  Thus,  the  length  of  time  required  for  a  cell  to  reach 
he  stage  of  dividing  becomes  greater  and  greater,  while  the  length  of  time 
cell  will  be  able  to  survive  becomes  less  and  less  until  these  lengths  of 

ime  become  equal.  Then  something  happens  which  will  be  discussed 
resently. 


Time-Numbers  Relationship 

The  time-numbers  relationship  of  the  system  we  have  described  is  an 
ivolved  one,  but  for  the  sake  of  seeing  what  happens  mathematically 
nder  a  given  set  of  assumptions,  we  shall  go  through  a  crude  mathe- 

nadtv  TiyS'S  »  SUCr  a  relati0"ship’  h°P'"*  ‘hereby  to  reduce  the 
rop'  gat  °  m  myStery  °h  Shr°Uds  the  kinetics  of  bacterial 
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Since  the  task  is  a  difficult  one  at  best,  we  feel  justified  in  imposing  all 
reasonable  simplifying  assumptions.  Therefore,  we  shall  start  with  this 
one:  All  bacterial  cells  of  a  given  strain  and  species,  under  given  condi¬ 
tions  of  existence,  have  the  same  life  cycle.  This  means  that  all  cells, 
born  at  a  given  time  and  existing  under  identical  substrate  conditions, 
will  either  propagate  or  die  at  the  same  time.  Most  microbiologists  will 
feel  that  this  is  an  oversimplification  of  our  problem;  nevertheless,  it  may 
be  worthwhile  to  learn  what  would  take  place  under  conditions  imposed 
by  this  assumption. 

It  is  also  assumed  that  the  temperature  is  constant,  since  all  changes 
in  conditions,  taken  into  account  in  the  analysis,  which  affect  the  life 
cycle  of  the  bacterial  cells,  are  detrimental  to  the  welfare  of  the  cells.  A 
temperature  change  might  be  beneficial  to  the  cell  at  one  time  and  detri¬ 
mental  at  another  time.  For  that  reason,  change  of  temperature  cannot 
be  taken  into  account. 

Mathematics  is  profuse  in  this  book.  Mathematics  can  be  fallacious. 
For  example:* 

Let  a  =  b,  then  ab2  =  b3;  subtracting  b3  from  both  members  gives 
ab 2  —  b3  =  a3  —  b3;  dividing  by  a  —  b  gives  62  =  a2  +  ab  +  b2;  in  this 
make  a  =  1  and  b  =  1,  and  there  results  1=3.  Again,  let  a  >  b.  Letc 
be  their  difference  so  that  a  =  b  +  c.  If  this  equation  is  multiplied  by 
a  —  b,  we  find 

a2  —  ab  =  ab  —  b2  +  ac  —  be 
or  a2  —  ab  —  ac  =  ab  —  b2  —  be 

Dividing  both  members  of  the  last  equation  by  a  -  b  —  c,  we  have  the 
result  a  =  b. 

Such  fallacies  arise  from  applying  erroneous  connotations  to  symbols. 
A  first  look  at  the  long  list  of  definitions  of  symbols  in  this  chapter  and 
in  subsequent  chapters  may  dismay  the  reader,  whose  reaction  may  be, 
“Surely  a  list  of  such  volume  is  uncalled  for.”  However,  our  mathe¬ 
matics  deals  with  complex  factors,  in  the  handling  of  which  the  connota¬ 
tions  of  symbols  can  be  easily  confused.  The  large  assortments  of 
symbols  are  required  in  order  to  avoid  arriving  at  answers  such  as  1  —  3. 

The  symbols  employed  in  the  mathematics  in  this  chapter  are  defined 
at  the  end  of  the  chapter.  Those  who  are  not  interested  in  trying  to 
account  for  the  capers  of  microbes  are  advised  to  detour  to  Chap.  5. 

Development  of  Equations  on  Time-Numbers  Relationship 

It  is  assumed  that,  as  soon  as  the  number  of  cells  begins  to  increase, 
production  also  begins  of  conditions  which  inhibit  the  growth  of  the  cells, 

*  gee  Lick’s  “Recreations  in  Mathematics,”  D.  Van  Nostrand  Company  Inc., 
New  York. 


BACTERIOLOGY 


145 


nusing  an  increase  in  the  length  of  time  between  the  generation  of  a  cell 
nd  the  subdivision  of  the  cell  for  propagation.  Thus,  an  expression  for 
r  was  required,  which  begins  to  increase  in  value  at  the  time  h.  1  wo 
ich  expressions  are  given  in  Eqs.  (4.2)  and  (4.3). 

//  =  h  +  log  (1  +  ax2)  (4.2) 

H  =  h  4 - - -  (4-3) 

a 

a  -  -  log  x 

Both  of  these  expressions  were  rejected — (4.2),  because  the  rate  of 
icrease  in  the  value  of  H  seemed  much  too  low  to  represent  actual  con- 
itions;  (4.3),  because  the  denominator  of  the  last  term  disappears  when 

=  1,000. 

An  expression  that  seemed  reasonable  is  given  in  (4.4). 


H  =  h  + 


a(x  —  h)  log  (2k) 


10  log 


2k 

x  —  h 


,  .  L 
h  +  M 


(4.4) 


Since  the  accelerating  and  inhibiting  influences  are  not  constant,  the 
ngth  of  time  that  elapses  between  the  generation  and  the  division  of  a 
41  is  designated  by  the  symbol  IIA,  which  is  expressed  in  (4.5). 


Ha  = 


1 


x  (x  Ha)  Jx—Ha 
which  a  partial  solution  gives 


II  d  r 


(4.5) 


US  -  (IHa  =  -  log110  (2fc) 


x  —  h 


x-Ha  loge  (2k)  —  log,  (x  —  h) 
itegrating  (4.6)  and  solving  for  H A  gives 

HA  =  0.5/i.  ±  \/0. 23a  log  (2k)\(x  -  h)2E\%_„A  +  0.25 h2 


dx  (4.6) 


(4.7) 


here  E  =  -0.5  (  log. 


2k 


—i 


x  —  h/ 
2k 


+  0 


•25(Iu*<Va) 


2k 


-  0.2511°,..—  - I  +  Q.375 


.  -4 


-°-75(l0g-Vl)  +L8*(log. 


x  —  h) 

2k  Y6 


x  —  ht 


Partial  conversion  from  Briggs  logarithms  to  Naperian  logarithms 
i  the  integration.) 


occurs 
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Eq.  (4.1)  may  be  rewritten: 


N  =  R*  =  2x/liA  (4-8j 

Therefore  R  =  2l/IiA  (4  g) 

Under  the  conditions  represented  by  (4.1),  R  is  constant;  therefore, 
Ha  is  constant  and  H  =  HA  =  0.33.  Then 

R  =  2^0.33  (4.i0) 

If  N  is  the  number  of  cells  in  existence  at  time  x  and  Ndx,  the  number 
at  time  x  —  dx,  by  definition,  the  increase  in  the  number  of  cells  during 
the  time  interval  dx  is 


N  -  Ndx  =  ( R  -  \)Ndxdx  (4.11) 

The  increase  in  the  number  of  cells  during  a  time  interval  equals  the 
number  of  cells  that  were  divided  during  that  time  interval;  therefore, 
the  increase  equals  one-half  the  number  of  new  cells  that  were  produced. 
Thus,  the  number  of  new  cells  produced  during  a  time  interval  dx  equals 


From  (4.11), 


2(7?  —  \)Ndx  dx 


N  =  Ndx+  (7?  -  l)Ndx  dx 


(4.12) 


On  a  general  basis,  N  equals  the  number  of  cells  in  existence  at  zero  time 
plus  the  sum  of  the  increments  in  cell  numbers  over  the  successive  time 
intervals  from  zero  time  to  time  x.  Assuming  that  there  is  one  cell  in 
existence  at  zero  time,  N  is  expressed  in  (4.13). 


N 


=  1  +  J0  (R  ~  1  )Ndx 


dx 


(4.13) 


The  complexity  of  this  integral  is  immediately  apparent  to  the  mathe¬ 
matician.  An  empirical  integration  by  the  tedious  route  will  serve  to 
show  mathematically  the  general  pattern,  at  least,  of  the  change  in  num¬ 
bers  of  organisms  in  a  system  if  the  assumed  conditions  existed;  that  is, 

1.  If  all  organisms  inherently  had  the  same  amount  of  stamina  and 
resistance 

2.  If  there  were  a  progressive  increase  in  the  time  required  for  an 
organism  in  the  system  to  reach  the  state  in  which  it  divides  to  propagate 

3.  If  there  were  a  progressive  decrease  in  the  length  ot  time  an  organism 
would  survive 

As  II A  increases  and  KA  decreases  in  value,  they,  of  course,  approach 
each  other.  Termination  of  the  multiplication  of  bacteria  occurs  when 

(4.14) 


Xz  —  Ha  =  h  —  Ka  —  Xo 
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Vhen  (4.14)  is  satisfied,  x2  =  xF,  U  —  to,  HA  —  Haf,  and  Ka  H ao ■ 

therefore  xF  =  to  +  HAF  -  KAo  (4.15) 

It  is  apparent  from  (4.15)  that,  when  HAf  =  KAo,  xF  =  to.  In  ease 
/  1F  <  kAo,  xf  <  to,  and  our  mathematics  indicates  that  there  is  a  period 
,f  time,  between  time  xF  and  time  t0,  when  neither  propagation  nor  demise 
if  bacterial  cells  occurs.  This  will  be  discussed  in  connection  with  Figs. 
.7  and  4.8. 


Fig.  4.7.  Graphical  determination  of  x0  and  t0  when  a  =  0.5. 


During  the  first  time  interval  dt  after  the  time  t0,  all  of  the  cells  die 
that  were  produced  during  the  time  interval  equal  to  ( t0  +  dt  —  K  ,(/<)  — 
(to  -  Kao )  immediately  following  the  time  z0,  in  other  words,  during  the 
time  interval  between  z0  and  *0  +  dt  +  KA0  -  KAdl.  The  number  of 
bells  that  are  still  viable  at  the  time  t  equals  the  number  of  viable  cells 
existing  at  the  time  to  minus  the  sum  of  the  numbers  of  cells  that  came 
into  existence  over  the  successive  time  intervals  from  time  z0  to  time 
-  Ka.  It  has  already  been  shown  that  the  number  of  cells  that  came 


(hrs) 
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into  existence  during  a  given  time  interval  dx  is  2  (R  —  l)Ndx  dx.  There¬ 
fore,  for  the  period  of  time  subsequent  to  time  l0, 

N  =  No -2  ft*~**o  (R  -  \)NdI  dx  (4.16) 


It  is  assumed  that  K  decreases  at  a  rate  that  is  represented  by  the  same 


function  of  time  t  as  that  which  represents  the  rate  of  increase  in  the  value 
of  H .  Thus,  the  value  of  K  is  given  in  (4.17). 


K  =  k 


a(t  —  h)  log  (2k) 

10  l0s 


(4.17) 


In  order  to  determine  the  value  of  to,  it  is  necessary  to  determine  the 
value  of  K  prior  to  the  time  to-  This  is  given  in  (4.18). 


„  ,  a(x  -  h)  log  (2k)  _  h  L 

K==k - ~Tk - l'Tl 


10  log 


(4.18) 


x  —  h 


From  the  value  of  K,  KA  is  determined  in  the  same  manner  as  II A  from 
II  in  (4.5).  Thus 
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KA=t-(tl~KA)j,_KAKdl 

jf  which  a  solution  gives 

Ka  =  0.5 h  ±  \/().23a[log  (2A-)]|(^  hj2E\[_Kt  +  0.25/i2 

(  2k  X-1  /  2k  V2 

where  E  =  —0.5  (log,,  ^  ^  )  +  0.25  I  log,.  ^  ^  ) 

-  0.25  (log,  +  0.375  (log,. 

-  0.75  (loge  +  1 .88  (loge  -  •  •  • 


(4.19) 


(4.20) 


Empirical  Calculation  of  N 


The  solutions  of  (4.13)  and  (4.16)  begin  with  the  solutions  of  (4.5)  and 
4.19).  For  the  present  purpose,  to  avoid  the  tedium  of  evaluating  H A 
>y  (4.7)  and  KA  by  (4.20),  these  evaluations  are  made  graphically  from 
4.21)  and  (4.22),  respectively. 


—  Xi  — 


ti  X\  — 


H  2  +  // 1 

~2 

K  ‘2  T~  A'i 
2 


(4.21) 

(4.22) 


These  values  of  II A  and  KA  are  only  approximate,  of  course,  because 
4.21)  and  (4.22)  are  based  upon  the  assumptions  that  H  and  K  are  linear 
.motions  in  respect  to  time.  Equations  (4.4)  and  (4.17)  show  that  this 
>  not  true. 

Empirical  solutions  were  made  to  (4.13)  and  (4.16)  for  four  combina- 
10ns  of  conditions,  as  indicated  by  values  of  a,  h,  and  k.  These  combi- 
ations  are  tabulated  in  Table  4.2. 


Table  4.2.  Combinations  of  Conditions  Assumed  for  Solutions  of 
 Fqs.  (4.13)  and  (4.16) 


Quantity 

Combination  1 

- - - - - 

Combination  2 

Combination  3 

Combination  4 

a 

h 

k 

0.5 

0.3 

500 

0.5 

20 

500 

2.5 

0.3 

500 

2.5 

20 

500 

After  H a  and  KA  were  evaluated  with  the  aid  of  (4.21)  and  (4  99)  tbo 

rr  f,FlgS'  i®  and  410  —  constructed.  The  former  reprli’en" 

r  show  the'rel  f  °  '5’ th<‘  latter>  °  ~  2-5-  1,1  each  graph,  curves  M  and 

OV  the  relationships  between  *2  and  x2  -  U A  -  curves  S  and  T,  the 


150 


STERILIZATION  IN  FOOD  TECHNOLOGY 


relationships  between  t2  and  t2  —  KA ■  Curves  M  and  S  represent  the 
condition  h  =  0.3;  curves  N  and  T,  the  condition  h  =  20. 

Curves  M  and  N  each  shows  the  attainment  of  a  maximum  value  of 
x2  —  Ha.  When  a  =  0.5  (Fig.  4.7),  t2  —  KA  becomes  equal  to  x2  —  II A 
before  the  latter  attains  its  maximum  value.  Therefore,  the  intersec¬ 
tion  B  of  curves  M  and  S  marks  the  values  xo  =  343,  to  =  590,  and  the 
intersection  D  of  curves  N  and  T  marks  the  values  Xo  =  319,  to  =  593. 
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Fig.  4.9.  72-value  curves  when  h  =  0.3. 

When  a  =  2.5,  however  (Fig.  4.8),  the  maximum  values  of  x2  -  Ha  are 
attained  before  t2  -  KA  attains  these  values.  These  maximum  values  of 
z2  -  II A  are  the  values  of  x0,  and  the  corresponding  values  of  x2  are  desig¬ 
nated  xF,  the  time  at  which  the  multiplication  of  cells  comes  to  an  end. 
When  t2  -  Ka  becomes  equal  to  x0,  the  period  of  the  demise  of  bacteria 
cells  begins.  Therefore,  the  intersection  B  of  curve  S  with  the  honzonta. 
line  AB ,  representing  x0  =  69.6,  marks  the  value  to  =  313.8,  and  t  e 
intersection  I)  of  curve  T  with  the  horizontal  line  CD,  representing 
=  77.0,  marks  the  value  to  =  330.3.  When  h  =  0.3  (combination  3 
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II  Table  4.2),  there  is  no  change  in  the  number  of  bacteria  between  time, 
145  hr  and  time  313.8  hr,  and  when  h  =  20  (combination  4  in  Table  4.2) 
here  is  no  change  in  the  number  of  bacteria  between  time  260  hr  and 
ime  330.3  hr. 

With  the  use  of  the  values  of  IIa,  determined  with  the  aid  of  (4.21), 
i  was  calculated  by  (4.9)  for  the  four  combinations  of  conditions  shown 


Tal.le  4.2  over  the  time  period  from  0  to  For  the  four  combina- 
ons  of  conditions,  curves  showing  the  relationship  between  log  1/  anil 
g  (X  k)  are  plotted  m  Figs.  4.9  and  4.10.  Then,  in  order  to  bypass 

lb«°onthOP:rati?  °f  (V6)>  an  6qUati0n  t0  *ve  the  value  of  N 
osequent  to  the  time  t0  was  developed.  This  is  (4.23) 


N  =  Ndl  -  2 [(R  - 

ibstitution  of  Ax  for  dx  and  of  At  for 
nations  into  the  forms  in  which  they 


l)A^x  dx],=x+KA  (4.23) 

dt  in  (4.12)  and  (4.23)  put  those 
veie  used  to  obtain  approximate 
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values  of  N.  Time  intervals  Ax  and  for  those  calculations  varied  from 
1  to  25  hr  each.  The  R  value  applying  to  the  terminal  point  of  a  time 
interval  Ax  was  used  as  the  average  value  of  R  for  the  entire  interval. 
For  example,  for  the  time  interval  between  x  =  30  and  x  =  40,  if  the 
value  of  R  corresponding  to  x  =  30  hr  were  1.27  and  that  corresponding 
to  x  =  40  hr  were  1.18,  the  latter  value  would  be  taken  as  the  value  for 
the  entire  time  interval.  The  increment  in  number  of  cells  occurring 
during  the  interval  was  calculated  in  the  manner  indicated  in  (4.12),  by 
multiplying  R  —  1  by  N ±x  by  Ax-. 

The  curves  of  Figs.  4.9  and  4.10  show  that,  subsequent  to  time  x  =  h, 
R  decreases  continuously.  Therefore,  since  R  was  always  the  minimum 
from  the  range  of  R  values  that  applied  to  the  time  interval  being  used, 
the  calculated  increment  in  numbers  of  bacterial  cells  was  always  less  than 
that  which  would  be  obtained  f rom  (4.13).  The  discrepancy  was  greatest 
during  the  period  when  the  absolute  value  of  the  slope  of  the  /?-value 
curve  was  greatest.  The  curves  of  Fig.  4.9  show  that,  when  h  =  0.3,  the 
greatest  errors  occurred  in  the  period  from  about  1.3  hr  (log-1  0  +  0.3) 
and  about  25.3  hr  (log-1  1.4  +  0.3),  and  the  curves  of  Fig.  4.10  show 
that,  when  h  =  20,  the  greatest  errors  occurred  between  the  period  from 
about  45  hr  (log-1  1.4  +  20)  and  about  420  hr  (log-1  2.6  +  20).  These 
facts  should  be  kept  in  mind  when  studying  the  curves  of  Figs.  4.11  and 
4.12,  which  are  the  A-value  curves,  showing  the  relationship  between  log 
N  and  time,  for  the  four  combinations  of  conditions  listed  in  Table  4.2. 

Another  error  in  the  A-value  curves  which  appears  also  to  come  from 
the  rough  manner  in  which  the  calculations  were  made  is  an  apparently 
inordinate  abruptness  in  the  decrease  in  numbers  after  the  time  to.  This 
part  of  the  calculation  is  in  accordance  with  (4.23),  and,  in  all  cases,  itj 
shows  a  complete  depletion  of  cells  at  a  time  when  the  pattern  indicates 
that  a  considerable  number  of  the  last  cells  to  be  generated  have  not  died. 
In  other  words,  the  number  of  cells  generated  between  the  time  x0  and  the 
time  to  is  considerably  greater  than  the  number  of  cells  in  existence  at 
time  to.  This  error  should  be  eliminated  if  the  true  rate  of  increase  were 
indicated  during  the  early  and  middle  parts  of  the  period  of  growth. 

Significance  of  the  Calculations 

The  purpose  of  this  mathematical  treatment  is  to  indicate  the  pattern 
of  bacterial  numbers  which  results  when  certain  assumed  conditions  pre¬ 
vail — conditions  which  pertain  to  the  characteristics  of  both  the  bacteria 
cells  and  the  substrate.  The  A-value  curves  are  made  to  take  on  a  wide 
variety  of  shapes  by  changing  the  values  of  parameters  which  define  cer  j 
tain  characteristics  of  the  organisms  and  of  the  substrate.  The  indica¬ 
tions  of  the  analysis  just  presented  are  that  true  solutions  of  the  equation 
will  give  A-value  curves  that  will  duplicate  experimentally  determined 
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rowth  curves.  Thus,  either  the  equations  given  herein  or  slight  modi- 
ications  of  them  may  constitute  a  useful  tool  for  analyzing  the  growth 
,nd  destruction  of  bacteria. 

It  is  of  interest  to  note  that,  while  the  portion  of  each  of  the  A^-value 
urves  of  Figs.  4.11  and  4.12  which  depicts  the  highest  rate  of  increase  in 
I  value  approaches  a  straight  line,  none  is  actually  straight.  This  is  as 
-ne  would  expect  because  these  curves  span  periods  of  time  during  which 
he  quantity  HA  continuously  increases  in  value.  The  growth  rate  would 
>e  truly  logarithmic  only  if  HA  remained  constant  ,  in  which  case  N  value 


ould  be  given  by  (4.8),  which  obviously  shows  a  logarithmic  relationship 
stween  N  and  x  if  11,  is  constant.  Thus,  “  logarithmic  phase  ”  is  a  mis- 

urine  whichythtage  °f  baCtenal  gl'0"'th  unless  a  Pcriod  of  growth  exists 
“medT^m  '  ^  "°  mCreaSe  “  8rowth-i”hibiting  influences  within 

This  point  embodies  the  difference  between  the  conditions  under  which 
Jeter, a  multiply  and  the  conditions  under  which  they  are  genlraUv 
-stroyed.  Destruction,  in  the  sense  in  which  we  are  interested  in  n,\ 
■rm  in  food  sterilization,  occurs  within  a  relatively  short  ■  .  .  . 

1  d^t.uctioii  remains  essentially  constant  during  the  period  of 
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the  action.  A  substantial  change  in  the  power  of  any  of  these  influences 
produces  a  deviation  from  the  straight  exponential  relationships.  A 
similar  effect  is  observed  in  heat-penetration  curves  when  a  substantial 
change  occurs  in  the  power  of  a  factor  which  influences  the  rate  of  heat 
penetration.  The  logarithmic  nature  of  curves  pertaining  to  the  destruc¬ 
tion  of  microorganisms  and  to  rates  of  heating  a  mass  of  food  is  discussed 
in  Chap.  3  and  in  later  chapters. 


Time,  hr 

Fig.  4.12.  Multiplication  and  demise  of  microorganisms.  Based  on  equation  R  =  2I/H< 


CLASSIFICATION  OF  MICROORGANISMS  ACCORDING  TO 
RESPIRATORY  CHARACTERISTICS 


Like  macroscopic  organisms,  microorganisms  require  oxygen.  Micro¬ 
organisms  differ  among  themselves  in  their  ability  to  use  oxygen  in  dif¬ 
ferent  forms.  For  some  of  these  organisms,  free  oxygen  is  “available 
oxygen;  for  others,  it  is  not.  To  the  latter,  free  oxygen  is  poison;  their 
growth  depends  upon  the  availability  of  combined  oxygen.  Some 
are  intermediate  to  these  two  types  in  their  requirements.  Thus,  the 
following  classification  of  bacteria  has  been  found  useful. 


Aerobic  bacteria  (aerobes) . 

Anaerobic  bacteria  (anaerobes) 
Facultative  bacteria . 

Microaeropliilic  bacteria . 


Require  free  oxygen 
Require  combined  oxygen 
Thrive  on  either  free  or  com¬ 
bined  oxygen 

Require  only  an  infinitesimal 
amount  of  free  oxygen 


COMMENSALISM  AND  SYMBIOSIS 

If  a  mixture  of  aerobic  and  anaerobic  organisms  is  found  in  a  medium 
with  ample  oxygen,  the  anaerobes  cannot  develop.  The  aeio  N  l( 
ever,  may  grow  and  deplete  the  oxygen  supply  to  the  point  where 
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naerobes  can  develop.  This  is  a  case  of  commensalism,*  which  is  a  state 
f  concomitant  existence  in  which  one  class  of  organisms  neither  directly 
enefits  nor  directly  harms  another  class,  but  the  former  acts  in  such  a 
lanner  as  to  make  its  presence  essential  to  the  fulfillment  of  its  function 
y  the  latter.  Here,  the  anaerobes  could  not  thrive  except  for  a  modifi- 
ition  of  the  atmosphere  by  the  aerobes. 

Another  example  is  a  mixture  of  acid-tolerant  and  nonacid-tolerant 
secies  in  an  acid  medium.  The  acid-tolerant  species  may  thrive  and 
icrease  the  pH  to  the  point  where  the  nonacid-tolerant  species  can 
svelop.  If  the  medium  were  nonacid  or  of  low  acidity,  the  situation 
light  be  reversed. 

Examples  of  symbiosis  (mutually  beneficial  partnership)  among  bac- 
;ria  are  rare.  More  common  is  a  symbiotic  relationship  between  bac- 
iria  and  the  higher  plants,  as  in  the  case  of  “root  nodule  bacteria”  and 
gumes.  The  bacteria  take  nitrogen  from  the  air  and  convert  it  into  a 
>rm  available  to  the  plant,  while  the  latter,  in  turn,  furnishes  the  bacteria 
ith  nutrient  juices  upon  which  to  live. 

When  dealing  with  practical  problems,  it  is  important  to  keep  in  mind 
ic  effects  of  commensalism  and  symbiosis.  Laboratory  work  is  practi- 
dly  100  per  cent  with  pure  cultures.  We  have,  at  present,  no  way  of 
lowing  how  the  presence  of  other  types  of  organisms  may  affect  the  heat 
sistance,  nor  do  we  have  sufficient  data  on  subsequent  growth  of  bac- 
ria  in  the  presence  of  other  species.  Although  practical  experience  to 
ite  indicates  mixed-culture  considerations  to  be  of  no  great  importance, 
e  still  have  no  assurance  that  at  some  time  in  the  future  we  will  not  have 
1  take  mixed  cultures  into  account. 

One  example  of  botulinum  poisoning  occurring  in  canned  pears  can  be 
counted  for  only  by  commensalism.  Pears  are  an  acid  food,  in  which 
peiience  indicates  that  the  spores  of  Clostridium  botulinum  should  not 
rminate  and  grow.  The  coexistence  of  an  acid-tolerant  species  with 
.  botulinum  is  the  only  satisfactory  explanation  of  the  growth  of  Cl 
tulinum  in  pears. 


HIDDEN  SAFETY  FACTORS 

Commenting  on  the  fact  that  cases  of  the  type  described  above  are 
.patently  encountered  less  frequently  than  might  be  expected,  Ball  [11 
lalyzed  several  aspects  of  such  phenomena.  Examples  he  described 

>re  firstncitedngeH  "'T  OCl.'m'rence’  are  sti11  <*  apt  as  at  the  time  they: 
.re  lust,  cited.  His  analysis  is  quoted  below 

*  a  •  .  J  .  *  uc  esses  would  be  disturbing  were  it  not 

A  botanist  may  desire  to  call  this  “plant  succession.” 
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for  practical  experience.  For  the  last  fifteen  years,  during  which  processes  have 
been  established  with  the  use  of  thermal  death  time  results  that  were  based  on 
the  assumption  of  complete  destruction  of  microorganisms,  experience  has  vali¬ 
dated  that  assumption  from  a  practical  viewpoint.  At  any  rate,  it  has  shown 
that  if  vital  organisms  do  remain  in  the  food  after  processing,  they  are  in  such  a 
state  that  they  can  do  no  harm. 

During  this  period  at  least  a  hundred  billion  cans  of  food  susceptible  to  spoil¬ 
age  by  Cl.  botulinum  have  been  placed  on  the  market.  Surely  there  were  spores 
of  Cl.  botulinum  in  a  portion  of  that  food  when  it  was  canned.  Reasoning  from 
the  indications  of  rate-of-destruction  curves,*  we  should  conclude  that  some  of 
these  spores  in  100  billion  cans  survived  the  sterilization  process.  Perhaps  they 
did;  nevertheless,  they  produced  no  evidence  of  their  survival. 

Circumstances  of  this  nature  apply  to  food  of  many  types.  Hypothetical  spec¬ 
ulation  leads  us  to  a  realization  of  the  existence  of  many  possible  bacterial  haz¬ 
ards  in  our  everyday  foods.  Experience  in  the  common  use  of  these  foods  with¬ 
out  ill  effects  has  inured  us  to  this  possibility;  apparently  the  hazards  do  not 
actually  exist  even  though  we  cannot  explain  fully  why  they  do  not.  For  exam¬ 
ple,  since  Cl.  botulinum  is  a  soil  organism  widely  distributed  in  the  United  States, 
soil  particles  on  many  root  and  tuber  vegetables  prepared  in  the  home,  such  as 
carrots,  turnips,  and  potatoes,  must  be  infected  with  spores  of  this  organism. 
When  these  foods  are  prepared  in  certain  ways,  anaerobic  conditions  will  exist 
and  presumably  provide  satisfactory  environment  for  normal  growth  of  the  spores 
while  the  prepared  foods  are  held  before  use.  Still,  records  fail  to  report  a  single 
case  of  botulism  from  such  foods. 

Consider  even  pasteurized  milk.  Rate-of-destruction  principles  would  con¬ 
vince  us  that,  even  in  perfectly  pasteurized  milk,  if  the  amount  of  milk  is  gi eat, 
some  vital  non-spore-forming  pathogens  will  remain.  Experience  teaches  us  that, 
in  effect,  this  is  not  true. 

These  are  samples  of  “  taken-for-granted  ”  safety  in  foods,  safety  which  our 
most  advanced  theoretical  knowledge  tries  to  convince  us  does  not  exist,  but 
which  experience,  supplemented  by  actual  scientific  tests,  shows  does  exist.  We 
must  be  cautious,  however,  lest  we  become  so  accustomed  to  taking  for  granted 
the  safety  of  processed  foods  that  we  forget  to  apply  adequate  safeguaids  when 

changes  in  processing  procedure  are  made.  • 

The  ordinary  boiled  and  baked  hams  of  commerce  have  been  accepted  withou 
question  for  years  and  have  never  been  responsible  for  a  case  of  gastrointestinal 
irritation  from  bacterial  cause  except  when  the  ham  was  grossly  mishandled. 
Yet  during,  1940,  17  cases  of  food  poisoning  were  traced  to  organisms  of  the 
staphylococcus  group  occurring  in  tendered  hams.  This  is  a  small  numbei  o 
cases  compared  to  the  number  of  hams  consumed;  but  it  is  enough  to  indicate 
that  tendered  ham  may  be  more  susceptible  to  growth  of  this  organism  than  wer 
the  types  of  hams  to  which  we  were  formerly  accustomed,  in  which  there  was  a 
element  of  safety  apparently  not  present  in  the  new.  Moulton  [8]  attn  ni  es 
contamination  of  the  hams  with  the  organism  to  carelessness  on  the  part  o 
packer,  retailer,  or  consumer.  Contamination  may  have  been  no  giea  ei 

*  Called  survivor  curves  in  this  book. 
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the  old-style  product.  Perhaps  the  organisms  simply  had  a  better  chance  to 
velop  than  formerly,  because  of  a  different  chemical  environment.* 

In  1938  a  small  amount  of  trouble  was  experienced  because  of  the  growth  of 
o  highly  heat-resistant  strains  of  mold  in  No.  10  cans  of  blueberries.  For 
struction  of  the  spores,  Williams  et  al.  [21]  found  that  a  heat  treatment  of 
proximately  10  min  at  200°F  was  necessary.  It  was  evident  that  the  spores 
re  not  destroyed  by  the  sterilizing  process  ordinarily  used  for  the  product, 
le  question  immediately  arose  as  to  why  these  organisms  had  not  caused  trouble 
fore.  The  answer  seems  to  lie  in  the  factor  of  oxygen  in  the  can.  Both  strains 
;  capable  of  growing  in  vacuum  of  26  in.  This  indicates  that  the  amount  of 
ygen  required  for  their  growth  is  extremely  small.  It  appears  that  even  this 
tall  amount  of  oxygen  was  not  available  in  the  processed  cans  when  so-called 
fin  cans  (no  enamel  linings)  were  used.  When  a  change  was  made  to  enamel¬ 
ed  cans,  however,  the  absorption  of  oxygen  within  the  cans  was  retarded 
cause  of  the  covering  of  the  catalytic  metal,  so  that  the  amount  of  free  oxygen 
the  can  was  sufficient  to  permit  growth  of  the  mold  in  the  can  for  a  limited 
riod.  This  explanation  is  only  tentative,  and  the  matter  is  receiving  further 
idy. 

The  warning  of  science  to  industry  from  the  ham  and  blueberry  experiences  is 
it  the  effects  of  taken-for-granted  factors  should  be  recognized  as  early  as  pos- 
le,  even  though  these  effects  are  not  understood,  and  that  changes  of  procedure 
of  associated  conditions  which  might  have  a  significant  influence  on  taken-for- 
inted  factors  are  to  be  avoided  unless  they  are  accompanied  by  measures  to 
interact  any  reduction  in  safety  factors  that  the  changes  might  produce. 


DEATH  OF  BACTERIA 
Definition 

So  far  in  this  chapter,  we  have  confined  our  attention  principally  to  the 
3wth  of  bacteria.  It  is  the  opposite  aspect,  the  death  of  bacteria,  which 
ncerns  the  major  portion  of  this  book.  Some  general  remarks  will  first 
made,  and  these  will  be  followed  by  more  detailed  discussion  of  thermal 
ath  times  and  closely  related  topics. 

Bacteria  can  be  killed  in  many  ways,  among  which  are  chemical  poisons 
treme  cold,  heat,  very  high  pressures,  desiccation,  ultrasonic  waves  etc 
,t  wta,  we  consider  the  question,  How  do  we  know  the  bacteria  are 
d.  we  find  ourselves  in  a  difficult  situation.  An  acorn  which  the 
-..rrel  buries  in  the  fall  is  not  dead  but  dormant,  waiting  for  the  warmth 
spnng  to  bring  it  to  life.  Some  fishes  and  snails  can  be  frosen  lolid  ffi 
long  periods,  but  when  thawed  out  are  as  lively  as  ever.  They 
'  At  the  time  of  publication  of  this  book  the  a 

lerican  Meat  Institute  which  suggests  that  the  increased  numbro7niCatj°?  ^ 
gastrointestinal  irritation  from  hams  in  1940  ,nilrht  l  ^b  °//ecorded  cases 
reased  diligence  in  clinical  circles  in  identic  ' T  T  ^  °f  an 

t  such  cases  actually  did  increase  in  number  at  that  time  ^  ^  mdlcate 
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were  not  dead.  Even  with  humans,  we  know  of  many  instances  when 
undertakers  were  embarrassed  to  find  that  their  charges  had  come  to  life. 
It  is  not  easy  to  define  death,  even  for  organisms  high  on  the  evolutionary 
scale.  How  then  can  death  be  defined  for  bacteria? 

Let  us  perform  another  Gedankenversuch,  this  time  picking  up  a  cell 
with  a  micromanipulator,  placing  it  in  carbolic  acid  for  1  min,  removing 
it,  and  washing  off  the  acid.  The  question  is  whether  or  not  the  cell  is 
dead.  We  can  look  at  it  through  a  microscope,  but  this  alone  will  tell 
us  nothing.  This,  then,  is  no  test.  One  test  is  to  put  the  cell  into  a 
nutrient  medium  at  the  proper  temperature  and  watch  it  through  a  micro¬ 
scope.  If  after  a  time  we  see  the  cell  dividing,  we  can  be  certain  that  it 
is  alive,  for  division  is  one  of  the  major  life  processes.  II  it  does  not  divide, 
we  still  know  nothing  as  to  the  cell’s  state  of  life.  Suppose  we  watch  the 
cell  carefully  for  a  month  and  nothing  happens.  We  can  still  say  nothing, 
for  there  are  authentic  cases  on  record  where  bacterial  growth  was  delayed 
as  long  as  5  years.  In  the  case  of  spores,  this  phenomenon  is  called 
“delayed  germination.”  It  must  be  remembered  that  delayed  germina¬ 
tion,  while  not  rare  by  any  means,  is  not  the  customary  event.  Never¬ 
theless,  its  very  existence  introduces  a  large  element  of  uncertainty  into 
many  problems  dealing  with  bacterial  death.*  The  particular  example 
chosen  here  leads  to  an  impasse  because  we  are  dealing  with  a  single  oell^ 


In  the  next  section  on  survivor  curves,  we  consider  the  death  of  large 
numbers  of  cells.  We  will  find  that  probability  considerations  will  aid  in 
partially  resolving  the  difficult  problem  of  delayed  germination. 

The  question  of  the  mechanism  of  death  is  likewise  a  difficult  one.  It 
should  be  obvious  that  if  we  knew  what  causes  a  cell  to  die,  we  would  be 
in  a  far  better  position  to  predict,  evaluate,  and  improve  various  sterilizing 
technics.  But,  in  this  case,  we  have  indeed  an  unfortunate  situation 
because  many  years  ago  someone  made  the  tenuous  statement  that  death 
is  caused  by  the  coagulation  of  proteins  within  the  cell.  This  statement, 
on  the  surface,  sounds  so  plausible  that  it  has  long  been  accepted  as  the 
cause  of  death.  Were  someone  to  say  that  fire  is  hot  because  it  has  calo¬ 
rific  properties,  he  would  be  greeted  with  laughter.  If  the  corpse  ot  a 
smelly  rat,  long  since  dead,  were  found  in  your  basement,  would  you  say 
it  died  of  “putrefaction  of  the  proteins”?  Does  not  the  question  as  to 
the  cause  of  the  death  of  bacterial  cells  present  an  analogy  to  these 


questions? 


*  Perhaps  “death”  is  not  the  best  term  with  which  to  designate  the  state  of  m 
activation  that  is  produced  by  lethal  agents,  such  as  heat  or  ionizing  radiations.  ^ 
designation  “thermal  death  time”  has  been  in  use  for  so  many  years,  how  , 
ftsTms  wise  to  continue  its  use  at  any  rate  until  a  substitute  for  tt.  jord  ^  • 
found  which  bids  fair  to  (sain  universal  acceptance.  The  word  demise  used 
the  earlier  portion  of  this  chapter,  designates  inactivation  in  the  same  sense 
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What  makes  this  situation  distressing  is  that  the  repetition  of  such 
iches  lulls  us  into  thinking  that  we  actually  know  what  causes  death  and 
lat,  therefore,  the  problem  needs  no  further  investigation.  1  o  cinpha- 
ze  this  point,  the  following  statements  are  taken  from  various  books  on 
icteriology: 

The  mode  of  action  of  heat  on  bacteria  appears  to  be  one  of  protein  coagula- 
>n.  Chick  and  Martin  (1910)  showed  that  heat  coagulation  of  proteins  is  an 
derly  process,  the  rate  of  which  varies  with  the  alteration  of  temperature,  reae- 
)n  of  the  medium,  and  other  conditions.  The  actual  process  of  coagulation  con¬ 
its  of  two  stages;  in  the  first,  known  as  denaturization,  the  water  reacts  with  the 
otein;  in  the  second,  known  as  agglutination,  the  altered  protein  separates  out 
particulate  form.  In  the  case  of  haemoglobin  the  coagulation  occurs  loga- 
hmically,  the  rate  at  any  moment  being  proportional  to  the  concentration  of 
coagulated  protein.  Very  much  the  same  law  appears  to  be  applicable  to  bac- 
ria.  The  higher  the  temperature  to  which  they  are  submitted,  the  more  rapidly 
their  cellular  protein  coagulated.* 

The  death  of  the  cell  is  probably  due  to  some  irreversible  change  in  the  proto- 
ism  which  has  proceeded  to  such  a  point  that  it  cannot  function.  It  may  in 
me  cases  be  attributed  to  coagulation  of  proteins,  or  to  destruction  of  essential 
zymes.  It  should  be  emphasized  that  death  induced  by  high  temperatures  is 
e  to  acceleration  of  chemical  or  physical  changes  which  proceed  more  slowly 
lower  temperatures. f 

The  death  of  an  organism  by  heat  is  probably  due  to  some  irreversible  change 
ving  place  in  its  protoplasm.  The  effect  may  be  a  coagulation  of  the  proteins 
a  destruction  of  the  essential  enzymes.  % 

Heat  coagulates  protoplasm  but  the  smaller  the  percentage  of  moisture  the 
;her  the  temperature  to  induce  coagulation.  Dry  warm  air,  for  this  reason, 
ist  be  at  a  higher  temperature  than  moist  warm  air  or  steam.  The  protoplasm 
the  bacteria  or  the  bacterial  spores  absorb  moisture  when  surrounded  by  steam 
d  are  so  more  easily  coagulated;  but  death  from  the  coagulation  of  the  cell  pro- 

ns,  because  of  the  small  size  of  the  organism,  makes  anv  direct  observations 
possible.§ 

Setting  aside,  for  the  time  being,  the  question  of  the  cause  of  death,  let 
consider  some  data  on  this  phenomenon. 

Survivor  Curve 

In  a  well-known  experiment,  Viljoen  [20]  heated  a  suspension  of  spores 
a  pea  iquor,  taking  care  to  maintain  the  temperature  constant.  At 
-min  intervals,  samples  were  withdrawn  to  estimate  the  number  of 

[  ToPley  and  Wilson  [18,  vol.  I,  p.  115,  1946]. 

I  Buchanan  and  Fulmer  [4,  vol.  2,  p.  104  1930] 
f  Salle  [10,  p.  144,  1939], 
i  Lutman  [6,  p.  304,  1929], 
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spores  surviving  the  heat  treatment.  He  then  repeated  the  experiment 
adding  1.5  per  cent  sodium  chloride  to  the  pea  liquor.  The  results  are 
shown  in  Fig.  4.13.  It  is  clear  that  the  experimental  points  can  be 
approximated  closely  by  a  straight  line,  provided  we  plot  the  logarithms 
of  the  number  of  surviving  organisms  against  the  time.*  Most  other 
experimenters  have  found  similar  results — the  logarithm  of  the  number  of 
survivors  plotted  against  the  heat  ing  time  yields  a  straight  line.  As  might 


Fig.  4.13.  Survivor  curves  at  230°F  for  pea  liquor  with  and  without  salt. 


Viljoen.) 


(From 


be  expected,  some  investigators  do  not  agree  with  this  statement.  1  be 
case  in  favor  of  the  straight  line  has  recently  been  greatly  strengthened 
by  experimental  results  produced  by  several  investigators  [9,12,14,16]. 
Thermal-destruction  tests  by  improved  technics,  made  possible  by  appa¬ 
ratus  of  new  design,  have  produced  substantial  evidence  that  lag  in  heat 
penetration  into  suspensions  of  microorganisms  during  heating  at  tem¬ 
peratures  above  250°F  has  been  partially  responsible  for  deviation  of 
experimentally  determined  TDT’s  from  the  straight-line  relationship. 
Another  probable  reason  for  failure  of  experimental  results  to  give  a 
straight-line  relationship  will  be  discussed  later  in  this  chapter.  By  and 
large,  the  results  of  tests  have  given  straight  lines  for  both  TDT  and 
thermal-destruction-rate  curves.  In  any  event,  the  smooth  curve  joining 
or  approximating  experimental  points,  plotted  on  semilog  paper,  is  calle 

a  survivor  curve.  ,  , 

This  method  of  plotting  data  on  scmilogarithmic  paper  (the  vcrtical-scai 

logarithmic  and  the  horizontal-scale  linear)  is  so  important  that  we  wi 
*  See  Chap.  5  for  a  discussion  of  another  application  of  the  logarithmic  curve. 
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vote  some  time  to  a  discussion  of  the  equation  of  a  straight  line  on  semi- 
r  paper.  Figure  4.14  shows  a  line  drawn  on  semilog  paper.  Note  that 
lenz  =  3,  y  =  1,000,  when  x  =  15,  y  =  100,  and  when  x  =  27,?/  =  10. 
lat  is,  for  y  to  go  from  1 ,000  to  100,  x  must  go  from  3  to  15,  a  difference 
12  units.  Likewise,  when  y  goes  from  100  to  10,  x  must  go  from  15  to 
,  also  a  difference  of  12  units.  The  interval  between  y  =  100  and 
=  1,000  is  called  a  logarithmic  cycle,  or  a  log  cycle.  Therefore,  it  takes 


units  along  the  *  axis  for  the  line  to  cross  (or  traverse)  one  log  cycle 
'is  is  true  for  the  intervals  y  =  1,000  to  100,  y  =  100  to  10,  y  =  2  000 

“ V  I  75  *?  7"\ 1 ltc;  Puttil,S  il  “other  way,  it  requires  12  units 
g  the  a  axis  for  y  to  decrease  to  one-tenth  of  its  former  value 

imetrv  th*eq.Uatlor;  °f  this  ''ne’  We  USe  the  samc  moth°d  as  in  analytic 
,®,f.  !rst  w®  choos<!  two  Points  which  we  call  1%  and  P,  It 

t  theh  ordLtUt  no  means  "eeeaaary,  if  these  points  are  chosen  so 

ht  li  l  f  >y  ?‘>e  °?  Cyde'  In  the  figure  the  ordinate  of 
log  100  and  the  ordinate  of  P,  is  log  10.  Let  the  corresponding 
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abscissas  be  .Ti  and  x 2.  Now  let  P  be  any  point  having  the  coordinates  x 
and  log  y.  Consider  the  similar  triangles  PQP2  and  P\Q\P2.  The 
distance  PQ  is  to  P\Q\  as  the  distance  QP2  is  to  Q\P2,  or 


PQ  _  QP 2 

p^Ti  Wl 


But,  PQ  =  log  y  —  log  10  =  log  y  —  1 

P\Q\  —  log  100  —  log  10  =  2  —  1  =  1 
QP2  —  x2  —  x 
Q  \P  2  =  x2  —  xi 


Substituting  these  values  in  the  above  equation  we  get 


or 


log  V  ~  1 
1 


log  y  = 


x2  —  x 
x2  —  Xi 


+  1 


x2  —  X 
X2  -  Xi 

x2  —  X  T  x2  —  Xi 
x2  —  Xi 


This  is  a  perfectly  good  equation  since  it  will  enable  us  to  find  the  value 
of  log  y  for  any  value  of  x,  but  it  has  several  drawbacks  which  make  it 
inconvenient  to  use.  The  presence  of  Xi  and  x2  is  not  at  all  desirable. 
Our  task  is  to  eliminate  them.  We  noticed  before  that  the  difference 
x2  —  X\  was  always  constant.  Let  x2  —  X\  =  D.  Then  the  equation 


becomes 


x2  —  x  +  D 
log  y  = - yy 


But  x2  is  still  with  us  for  the  simple  reason  that  the  equation  in  its  present 
form  is  of  the  point-slope  type.  The  slope  is  1/D,  and  the  point  through 
which  the  line  goes  has  the  coordinates  x  =  X\  and  y  =  antilog  2  —  1001 
Now  this  derivation,  which  has  been  so  simple  and  straightforward,  has 
produced  an  equation  in  a  form  having  little  value  for  us.  Time  was  not 
wasted  in  making  the  derivation,  however,  because  we  feel  it  of  some 
importance  to  indicate  how  simple  it  is  to  get  started  on  the  wrong  loot 
when  dealing  with  apparently  trivial  matters. 

Instead  of  choosing  P i  and  Pi  as  in  Fig.  4.14,  let  Px  be  the  point  of 
intersection  of  the  line  with  the  y  axis  as  in  Fig.  4.15.  Its  coordinate 
are  then  x  =  0  and  y  =  y0,  where  the  zero  subscript  will  indicate  _ 
initial  value  of  y,  that  is,  the  value  of  y  when  x  -  0.  In  choosing 
other  fixed  point,  P2,  let  its  ordinate  differ  from  that  of  I  ,  by  one  I  J 
cycle.  The  abscissa  x2  must  have  a  value  D  since  D  -  x2  Xi  a  m 
Xi  =  0.  Therefore  x2  =  D. 


BACTERIOLOGY 


163 


Fig.  4.15.  Semilog  curve  with  a  reference  point  Pi  having  abscissa  =  0. 
Yom  the  similar  triangles  PiQiP>  and  PQP2, 


PiQi  =  PQ 

Wl 

Since  PXQX  =  log  y0  -  (log  y0  —  1)  =  1 
QlP  2  =  X2  X\  =  X2  —  0  =  x2 
PQ  =  log  y  -  (log  y0  -  1) 

QP‘l  =  X2  —  X 

J_  =  log  y  -  log  y0  +  1 

x2  X2  ~  X 


x2  —  X 


X2 


=  log  y  -  log  y0  +  1 


X 


1 - —  =  log  —  +  1 

x2  y0 


x2  = 

log  —  = 
yo 


D 

x 

"  D 


definition 

before 


(4.24) 
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This  equation  is  now  in  a  useful  form  since  each  term  has  a  definite  and 
clearly  understood  meaning.  The  running  coordinates  x  and  y  trace  the 
line  since  the  line  is  the  locus  of  the  “running  point/’  The  meaning  of 
y0  is  equally  clear:  it  is  the  initial  value  of  y.  Some  extra  thought  will 
be  required  for  D :  it  was  originally  defined  as  the  interval  along  the  x  axis 
required  for  the  line  to  traverse  one  log  cycle.  But  it  is  also  numerically 
equal  to  the  cotangent  of  the  angle  between  the  line  and  the  x  axis.  Since 
the  tangent  of  this  angle  is  defined  as  the  slope  of  the  line,  D  is  numerically 
equal  to  the  reciprocal  of  the  slope.  The  minus  sign  in  (4.24)  takes  care 
of  the  fact  that  the  line  slopes  downward. 

Later  on  we  will  have  need  of  (4.24)  in  another  form.  The  logarithms 
in  (4.24)  are  understood  to  be  of  the  Briggs  system,  having  the  base  10. 
Taking  antilogarithms  of  both  sides  of  (4.24),  we  have 


y  =  y o  X  10  X/D  (4.25) 

10  =  c  loge  10  =  en 


or 

But 


where  e  =  2.718,281,83  .  .  .  ,  the  base  of  Naperian  logarithms 
n  =  loge  10  =  2.303 


Therefore  y  =  y o  (■ en)~x/D  =  y0e~n(x/D)  (4.26)* 

Returning  to  Viljoen’s  experiment  [20]  and  letting  y  =  N  =  the  num¬ 
ber  of  viable  spores  and  x  =  t  =  heating  time  in  minutes,  we  note  that 
the  original  number  of  spores  was  300,000.  Considering  the  test  without 
salt,  we  find  that  14  min  was  required  for  the  line  to  cross  one  log  cycle. 
That  is,  during  every  14-min  interval,  the  number  of  organisms  is  reduced 
90  per  cent.  Therefore,  D  =  14  min.  The  equation  of  the  line  is  then 

by  (4.24), 

1  N  =  -± 

g  300,000  14 

by  (4.25), 

N  =  300,000  X  10-'/14 

and  by  (4.20), 

N  =  300,000c_nt'/14)  =  300,000c-0  1645' 


The  line  representing  the  test  with  salt  requires  19  mm  to  traverse  onei 


*  When  Eq  (4  20)  is  used  to  express  the  rate  of  change  in  number  of  organisms 
during  heating  at  temperature  T,  tor  time  *.  D  -  W,  a  constant.  The 
as  used  earlier  in  this  chapter,  with  D  a  variable,  ts  shown  as i  (4.16)  and  (4.23), 

Ka  is  a  simple  function  of  D.  We  may  assume  that  D  -  mKA,  where  m  is  a  co 
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Fig.  4.16.  Tank  for  determining  rate  of  spore  destruction  by  heat  [20]. 


;•  4.17.  Device  for  studying  resistance  of 


spores  to  temperature  in  the  higher  range 
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log  cycle.  Its  equation  is  therefore 

.  N 

log 


300,000 


19 


The  following  papers  may  be  studied  to  learn  the  details  of  technic  in 
determining  survivor  curves:  Beamer  and  Tanner  [2],  Williams,  Merrill, 
and  Cameron  [22],Mellody  and  Bigg  [7],  Schmidt  [11],  and Stumbo  [13,15]. 

Effect  of  Mixed  Cultures  on  Survivor  Curve 

Frequently  survivor  curves  after  a  certain  heating  time  show  a  distinct 
decrease  in  the  death  rate.  Some  investigators  consider  this  proof  that 


bacteria  do  not  die  logarithmically  but  according  to  some  law  oi  heat- 
resistance  distribution  (Knaysi,  1930).  While  it  is  not  our  purpose  t 
deny  the  existence  of  variations  in  heat  resistance,  we  believe  that  cm. 
workers  who  take  the  factor  of  heat  penetration  into  account  will I  ha i 
less  difficulty  in  demonstrating  logarithmic  death  rates  than  10s 

“CiptcL^geTffi  dLh  rate  may  be  due  to  a  mixture  of  organ!  J 
having  two  or  more  distinct  death  rates.  Figure  4.18  shows  two  hyp 
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hetical  curves  to  illustrate  this  point.  Curve  A  represents  an  organism 
laving  a  large  initial  number  (2,200,000)  and  a  high  death  rate,  while 
■urve  B  represents  an  organism  having  a  lower  initial  number  (1,500) 
ind  a  much  lower  death  rate.  It  is  conceivable  that  cultures  A  and  B 
ire  physiologically  and  morphologically  identical  in  all  respects  except 


!*  resif.a"ce-  in  which  case  they  would  represent  two  strains  of  one 

cultured  .3'f  iSOlate,d  °CiStingUished  by  conventional  means.* 
cultuies  A  and  B  were  mixed,  the  survivor  curve  for  the  mixture  might 

Zwlo™  mThCatCd  1"  ^  The  effect  of  constituent  is 

'  ^  points  above  the  curve  in  T^i o*  j.  i  o  Q r  i 

,  ..  «„  s 

[ture  PP°rt  tHe  C°nClUSi0n  that  they  -0-  working  xvith  a  mixed 

s  intriguing  to  speculate  on  a  possible  narallol  i 

l8‘  The  cladoceran  Daphnia  produces  two  kmds  of  ceesT*!  ]  mii  ‘lnd  water 
nogenetic  less-resistant  “summer  eees”  tint  I  i  gg  argc  numher  of  par- 

-ter  egg”  „f  high  temperature  and  drought  restaUncT  a“d  *  “‘"S'8  fertUized 
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Death  by  Heat 

It  should  be  noted  that,  although  a  survivor  curve  pertains  to  a  killing 
of  bacteria,  the  data  obtained  are  for  viable  organisms.  This  is  of  con¬ 
siderable  importance,  since  we  know  that  if  a  cell  multiplies,  it  is  alive, 
but  if  it  does  not  multiply,  it  may  or  may  not  be  alive.  Early  investi¬ 
gators,  as  well  as  many  of  the  later  ones,  felt  that,  if  they  were  to  study 
the  death  of  bacteria,  their  basic  data  had  to  be  on  dead  bacteria.  This 
idea  was  an  unfortunate  one,  as  we  shall  see. 


Thermal  Death  Point  and  Thermal  Death  Time 


There  is  some  confusion  regarding  the  concepts  of  thermal  death  point 
(TDP)  and  thermal  death  time  (TDT).  Many  investigators  take  little 
trouble  to  define  either  TDP  or  TDT  or  even  to  distinguish  between  the 
two.  For  this  reason,  when  reading  bacteriological  literature,  one  must 
ascertain  whether  or  not  the  author  is  aware  of  a  distinction,  and  if  he  is 
aware,  whether  or  not  he  is  consistent.  Some  authors  will  speak  of  TDT 
and  then,  perhaps  for  literary  purposes  to  avoid  monotonous  repetition, 
speak  of  TDP— all  in  the  same  paragraph,  or  even  in  the  same  sentence, 
and  referring  to  the  same  thing.  Although  we  feel  that  this  practice  is 
indicative  of  inexact  thinking,  it  is  not  our  purpose  here  so  much  to  con¬ 
demn  as  to  warn.  One  definition  of  TDP,  which  is  employed  frequently 
and  which  seems  adequate,  is  that  given  by  Salle  [10]. 


The  TDP  is  defined  as  that  temperature  at  which  an  organism  is  killed  in  a 
given  period  of  time,  under  certain  specified  conditions.  The  time  is  usually) 

taken  as  10  minutes. 


Workers  found  that  TDP  did  not  readily  furnish  them  with  useful  data, 
and  the  concept  lost  favor.  It  is  now  seldom  referred  to  by  food  tech¬ 
nologists,  although  its  use  persists  with  some  medical  bacteriologists,  n 
its  place  arose  the  concept  of  thermal  death  time,  which,  in  spite  of  glaring 
defects,  has  proved  to  be  a  useful  tool.  This  is  defined  as  the  time,  at 
given  temperature,  at  which  all  the  organisms  of  a  suspension  unde 

certain  specified  conditions  will  be  destroyed. 

The  joker  in  both  of  these  definitions  is  “under  certain  sped  <1 


conditions.  ”  .  „ 

In  order  that  either  TDP  or  TDT  have  a  meaning,  we  must  specify 

1.  Number  of  organisms  being  heated 

2.  Concentration  of  organisms  being  heated 

3.  Suspending  liquid  (chemical  and  physical  properties) 

5  ^Medium  in  which  organisms  are  grown  (chemical  and  physical 


properties) 
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6.  Whether  or  not  organisms  are  subcultured  after  heating 

7.  Manner  of  heating  (whether  agitated  or  not) 

8.  Container  in  which  heating  is  done 

9.  Heating  medium 

Although  the  TDT  is  subject  to  the  same  conditions  as  the  TDP,  it  has 
he  advantage  that  the  technic  required  for  its  determination  is  somewhat 
impler.  Data  to  produce  a  curve  showing  the  combinations  of  time  and 


mperature  which  spell  death  for  a  suspension  of  microorganisms  “under 
stain  specified  conditions”  can  be  obtained  by  following  either  TDP  or 
DT  procedure;  however,  laboratory  workers  have  found  it  easier  to 

veral  different  l'*  \T"?  f  SUSpcnsion  at  a  given  temperature  for 
mpltr  ThTr  It  u  e?umg  f°r  a  Siven  time  at  several  different 

. 

icome  customary  to  determine  the  data  for  the  cur^y  Mowing  th" 
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TDT  technic.  A  TDT  curve  is  shown  in  Fig.  4.20.  The  hypothetical 
data  for  this  curve  are  given  in  Table  4.3.  In  drawing  the  TDT  curve 
it  should  be  noted  that  the  TDT’s  are  plotted  on  a  logarithmic  scale  and 
the  corresponding  temperatures  on  a  linear  scale. 

Strictly  speaking,  a  TDT  curve  should  refer  to  only  one  original  con¬ 
centration  or  original  number  of  organisms.  For  instance,  a  given  TDT 
curve  is  obtained  when  using  200,000  spores  of  Clostridium  botulinum  per 
tube.  If  20  million  spores  were  used  in  each  tube,  a  different  TDT  curve 
woidd  result. 


Table  4.3.  Survival  and  Destruction  Times  for  Hypothetical 
Microorganism  at  Temperatures  210  to  255°F 


Temp., 

Survival, 

Destruction, 

Average  survival  and 

°F 

min 

min 

destruction,  min 

210 

285 

355 

320 

215 

144 

190 

167 

220 

78 

99 

88.5 

225 

43 

53 

48.0 

230 

22.4 

28.4 

25.4 

235 

11.6 

14.7 

13.15 

240 

6.25 

8.0 

7.12 

245 

3.25 

4.2 

3.72 

250 

1.7 

2.4 

2.1 

255 

20 

26.5 

23.2 

After  a  set  of  TDT  data  has  been  obtained,  serious  difficulties  may  arise 
in  the  drawing  of  a  TDT  curve  to  fit  the  data.  Some  of  these  have  been 
discussed  by  Townsend,  Esty,  and  Baselt  [19].  They  suggest  that  the 
curve  should  be  determined  as  follows: 


1.  A  survival  point  is  considered  as  positive  data  and  the  curve  must  be  above 
(higher  in  temperature  or  longer  in  time  than)  every  survival  point. 

2.  Destruction  points  are  indicative  but  not  positive  owing  to  the  phenomenon 
of  “skips”  (survival  of  organisms  at  a  time  beyond  that  at  which  sterility  is  mci- 
cated)  In  general,  however,  a  thermal  death  curve  should  lie  beneath  as  many 
destruction  points  as  possible  and  still  be  above  all  survival  points 

3.  The  slope  of  the  thermal  death  time  curve*  should  be  parallel  to  the  genera 

trend  of  the  survival  and  destruction  points. 


They  further  state: 

Obviously,  if  the  thermal  death  time  has  been  determined  at  only  two  points, 


for  example, 

*  The  slope  of  the  thermal  death  time  curve  is  designated  by  the  symbol  z. 


See 


Eq.  (4.36). 
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Temp.,  °F 

Survival,  min 

Destruction,  min 

221 

60 

74 

239 

8 

10 

number  of  lines  can  be  drawn  thus: 

1.  Just  above  the  two  survival  points  F  =  2.3,  z  =  20.4 

2.  Just  below  the  two  destruction  points  F  =  3.0,  z  —  20.8 

3.  Just  above  one  survival  and  below  the  other  destruction  point  F  =  3.4, 
=  23.0 

4.  Just  above  the  other  survival  and  below  one  destruction  point  F  =  2.2, 
=  18.9. 

.  .  as  more  points  are  obtained,  the  line  becomes  more  precisely  fixed  as  to 
irection  and  position. 

The  whole  question  of  determining  the  “proper”  TDT  curve  turns  out 
o  be  a  battleground  of  the  forces  of  common  sense,  scientific  method, 
tatistics,  commercial  expediency,  and  necessity.  As  we  see  it,  there  is 
o  best  method.  The  criteria  given  by  Townsend,  Esty,  and  Baselt  are 
f  value  to  a  commercial  packer  who  must  stay  on  the  safe  side  in  proc- 
ssing.  However,  the  statement  that  “as  more  points  are  obtained  the 
ne  becomes  more  precisely  fixed  as  to  direction  and  position”  is  of 
oubtful  validity.  As  long  as  the  second  criterion  is  operative,  the 
wild”  results  will  dominate.  Figure  4.20  illustrates  the  point  in  an 
<aggerated  fashion.  It  shows  hypothetical  data  strongly  indicating  by 
ne  B  that  F  =  2  (point  V)  and  2  =  18,  but  on  account  of  the  one  wild 
oint  at  255° F,  the  TDT  curve  should  be  given  by  line  A  for  which  F  =  28 
joint  W),  z  =  39.  By  the  above  criteria,  no  matter  how  many  addi- 
onal  tests  are  made,  the  unreasonable  F  value  of  28  cannot  decrease  it 
“  28;  or,  if  more  wild  points  are  found,  F  may Tc^ase 

he  F  value  cannot  converge  to  a  fixed  value,  it  can  only  diverge  The 
value  fares  even  worse.  It  bounces  up  and  down  with  every  wild  point 
his  method,  as  stated  previously,  is  of  some  practical  value.  ‘  It  has  little 

2^^  '  VaKleS  °f  “  °rganiSmS  is  in 

^°TVL0iCLtheSe  difficulties’  we  suggest  an  alternative  procedure* 

F  I  ake  the  averages  of  the  logs  of  each  pair  of  survival  and  destruction 
n  es  and  convert  the  average  logs  to  minutes 

— — -  - 

•ai  ^oflXuafr  rlrcalHhfs  £  ^  ^ 

irve.  nay  cal1  this  the  “primitive”  TDT 
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4.  Find  the  F  and  z  values  of  the  primitive  curve.  Obviously,  the 
values  so  obtained  will  converge  to  fixed  values  as  the  number  of  experi¬ 
mental  points  increases. 

5.  To  find  practical  values  of  F  and  z  from  which  safe  processes  may 
be  calculated,  safety  factors  can  be  used.  There  is  no  point  in  applying 
a  safety  factor  to  z.  An  obvious,  but  far  from  satisfactory,  safety  factor 
for  F  is  one  which  displaces  the  primitive  TDT  curve  above  all  the  survival 
points.  A  more  refined  method  is  to  compute  the  standard  deviation  of 
the  points  from  the  line  and  displace  the  primitive  curve  upward  an 
amount  equal  to  two  or  three  times  the  standard  deviation.  An  inter¬ 
pretation  through  a  standard  probability  formula  can  be  applied  to  the 
thermal  death  time  indications  of  the  new  TDT  curve. 

The  equation  of  a  TDT  curve  is  of  considerable  importance.  It  can 
be  derived  in  the  same  manner  as  the  equation  of  the  survivor  curve.  In 
this  case,  however,  certain  conventions  have  been  agreed  upon  which 
greatly  facilitate  discussion  and  use  of  the  TDT  curve.  We  found  for  the 
survivor  curve  that  the  straight-line  representation  on  semilog  paper  can 
be  given  by  a  point  and  a  slope.  For  the  point,  we  chose  x  =  0,  y  =  yl 
and  instead  of  the  slope  we  used  the  reciprocal  of  the  slope  which  is 
numerically  equal  to  the  number  of  minutes  required  foi  the  line  to  tra¬ 
verse  one  log  cycle.  We  find  it  convenient  to  do  the  same  thing  for  the 
TDT  curve,  except  that,  in  this  case,  the  reference  point  is  arbitrarily- 
taken  to  be  the  TDT  at  250°F.  This  value  is  designated  by  F.  Instead 
of  designating  the  reciprocal  of  the  slope  by  D,  we  use  z ;  that  is,  z  for  the 
TDT  curve  and  D  for  the  survivor  curve.  Let  r  be  the  TDT  and  T  the 
temperature.  Then  the  equation  of  the  TDT  curve  may  be  written: 


(4.27) 


If  a  TDT  curve  has  been  found  for  a  given  suspension  and  it  goes  through 
the  point  T  =  250,  r  =  2.3  min  and  the  line  requires  17.6  mm  to  traverse 
one  log  cycle,  we  may  say  the  suspension  has  an  F  value  of  2.3  min  an 
a  2  value  of  17.6  deg,  or  simply,  F  =  2.3  min  and  2  =  17.6  deg. 

It  is  easy  to  see  that  the  value  of  2  is  a  measure  of  how  the  TDT  varies 
with  the  temperature.  If  2  is  large,  the  temperature  has  a  smaller  effect 
on  the  TDT  than  if  2  is  small. 


Skips 

It  is  easy  to  get  the  impression  that  the  determination  of  a  TDl  is  a 
simple  matter.  True,  technics  have  been  developed  to  the  point  v  ej 
it  has  become  a  routine  procedure.  But  even  then  the  question  o  in  ^ 
pretation  of  results  can  sometimes  be  baffling,  as  in  the  case  o  s  'T  , 
To  illustrate  this  phenomenon,  suppose  a  TDT  test  is  made  using 
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nc  tube  at  each  time  interval.  Where  growth  is  indicated  by  a  plus  sign 
nd  no  growth  by  a  minus  sign,  the  result  may  be  something  like  this: 


eating  time,  min . 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

esult . 

+ 

+ 

+ 

+ 

+ 

— 

— 

— 

— 

— 

— 

'here  is  not  much  room  for  doubt  in  this  case.  The  TDT  is  somewhere 
etween  4  and  5  min.  But  sometimes  the  result  looks  like  this: 


eating  time,  min . 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

esult . 

+ 

+ 

+ 

+ 

+ 

— 

— 

+ 

— 

— 

— 

ist  what  is  the  TDT  in  a  case  like  this?  Here  we  have  an  instance  of 
tube  heated  for  7  min  showing  viable  organisms  remaining,  while  tubes 
lat  were  heated  5  and  6  min  were  sterile.  Results  like  this  are  all  too 
>mmon  to  be  lightly  dismissed  as  due  to  faulty  technic  or  contamination, 
hey  are  characteristic  of  TDT  determinations.  Skips  have  plagued  bac- 
riologists  for  many  years.  In  an  effort  to  minimize  them,  more  than 
m  tube  is  heated  for  a  given  length  of  time.  Suppose  five  tubes  are 
sed  for  each  time  interval.  Then  we  may  get  a  result  like  that  shown 
Table  4.4. 


Table  4.4.  Results  of  Hypothetical  TDT  Test  Using  Five  Tubes  at 

Each  Heating  Time 


mating  time,  min . . 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

isult. .  .  . 

+ 

+ 

+ 

+ 

+ 

“ 

+ 

+ 

+ 

+ 

+ 

— 

_ 

_ 

+ 

+ 

+ 

+ 

— 

— 

_ 

_ 

+ 

+ 

+ 

+ 

— 

— 

_ 

+ 

+ 

+ 

— 

— 

— 

— 

— 

— 

— 

— 

f*™  b<!  a  Wel!'behaved  result-  We  that  at  3  min,  four 
t  of  five  tubes  are  positive  and  that  at  4  min,  only  two  out  of  five  tubes 
e  positive,  and  from  5  min  on  all  tubes  are  negative 

pit"tsl00Atatfir^bleh4;5’  8iVing  ,T°ther  SCt  °f  ^Pothetical,  but 
nsistent SU  Tn  „  fi,st(s‘ght'  °ne  would  the  results  are  beautifully 

-s rt*  ■  5 

o  -nee  the  order  in  the  column  has  no 
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heated  5  min,  and  one  of  them  was  negative.  After  6  min  heating,  two 
tubes  were  negative.  In  Table  4.5,  the  two  negative  signs  are  placed  at 
the  bottom  of  the  column,  but  not  of  logical  necessity.  Since  the  order 
of  appearance  in  the  column  is  of  no  significance,  we  can  construct 
Table  4.6  which  shows  the  same  data  as  Table  4.5  but  with  permutations 
in  the  columns.  The  two  tables  do  not  resemble  each  other,  although 
they  show  the  same  data.  Now  if  we  had  made  a  TDT  test  with  but  a 
single  tube  at  each  time  interval,  we  could  get  a  result  indicated  by  the 
first  line  in  Table  4.5.  A  result  like  the  second  line  in  the  table  would 
be  even  more  probable,  but  results  corresponding  to  any  row  in  Tables  4.5 


Table  4.5.  Results  of  Second  Hypothetical  TDT  Test  Using  Five 

Tubes  at  Each  Heating  Time 


Heating  time,  min . 

0 
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2 
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4 
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Result . 
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+ 
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Table  4.6.  Results  of 

Second  Hypothetical  TDT 

Test  Tabulated  in 

Different  Order  from 

Table  4.5 

Heating  time,  min . 

0 
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and  4.6  or  to  any  one  of  several  other  possible  permutations  are  possible. 
Therefore,  while  we  get  from  the  first  row  of  Table  4.5  a  TI)T  between 
8  and  9  min,  and  from  the  second  row,  a  TDT  between  7  and  8  min,  wa 
could  get  skips  as  shown  in  the  first,  third,  and  fourth  rows  of  Table  4.6. 

A  study  of  this  example  will  show  the  importance  of  using  more  than 
one  tube  at  each  time  interval.  Even  with  a  great  number  of  tubes,  skips 
will  still  occur,  although  not  with  such  great  frequency.  As  the  number 
of  tubes  is  increased,  the  TDT  is  likely  to  increase  and  the  probability  ol 

skips  will  decrease. 

Reasons  for  Skips 

It  is  only  natural  that  one  should  attempt  to  find  a  reason  for  anything 
so  troublesome  as  skips.  Somehow,  if  this  can  be  done,  one  will  be  m 
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he  comfortable  position  of  having  something  to  blame  for  an  unsatis- 
actory  result.  The  “obvious”  explanation  is  the  presence  of  a  highly 
esistant  organism  that  managed  to  get  into  the  suspension.  “Common 
ense  tells  us  that  this  is  to  be  expected.  Bacteria  are  living  organisms, 
iving  organisms  are  highly  variable,  bacteria  have  heat  resistance, 
herefore  bacteria  have  variable  heat  resistance  and  skips  prove  it.” 


IG- ,421-  Survivor  curves  to  illustrate  meaning  of 
amber  of  viable  bacterial  cells  per  unit  volume;  t  = 


probability  of  survival, 
time  of  heating  in  minut 


N  = 


es. 


ifnki^Tf- lf  haSi  thiS  beC°me  embedded  into  bacteriologists’ 
,  6  that  Jt  18  almost  dangerous  to  suggest  that  perhaps  it  is  not 

Jurseof^hT01  tb  hl!-haf  already  been  suggested  as  a  premise  in  the 

*ZZZ7Lr7:kte  survivor  curves  t0  see  if  they  aid - 

Consider  the  hypothetical  survivor  curve  A  shown  in  Fio-  .  oi  u-  u 

heorigbil  number  of  ovf *  whoIe  numbers  for  discussion, 

g  number  of  organisms  N  is  100,000.  After  1  min,  N  has  been 
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reduced  to  10,000.  therefore,  D  =  1.  After  5  min  only  one  organism 
is  left.  But  after  6  min,  the  curve  shows  10-1,  or  one-tenth  of  an  organism 
left,  which  is  of  course  ridiculous.  Another  interpretation,  equally  pre¬ 
posterous  but  logically  on  a  par  with  this  one,  is  that  one  organism  is  left 
but  it  is  only  one-tenth  alive.  These  remarks  are  not  entirely  facetious. 
Later  we  shall  consider  the  concept  of  partial  sterility.  In  attempting  to 
give  it  biological  significance,  it  is  easy  to  arrive  at  conclusions  similar  to 
the  two  above. 

Since  we  have  to  deal  with  TDT  and  survivor  curves,  a  more  satis¬ 
factory  interpretation  ot  the  meaning  ol  a  fraction  of  an  organism  will  he 
necessary.  The  equation  of  the  curve  in  Fig.  4.21  is 

N  =  100,000  X  10-' 

If  we  had  another  tube  with  106  similar  organisms,  the  equation  of  the 
survivor  curve  B  would  be 


N  =  1,000,000  X  10-' 


In  this  case,  after  6  min  heating,  only  one  organism  remains.  Suppose, 
though,  that  the  1  million  organisms  were  not  heated  in  a  single  tube,  but 
that  the  number  were  divided  into  10  parts  and  that  10  tubes,  each  con¬ 
taining  100,000  organisms,  were  heated  simultaneously.  But  of  these 
1  million  organisms,  only  one  can  be  expected  to  survive  a  6-min  heating 
period.  It  must  then  be  in  one  of  the  10  tubes.  We  have,  however,  no 
assurance  that  the  remaining  organism  will  occur  in  any  particular  tube. 
Its  distribution  will  be  at  random.  Therefore,  the  probability  of  its 
occurrence  in  any  particular  tube  isj'fo-  But  for  each  tube,  the  original 
number  of  organisms  is  100,000,  and  after  6  min  heating,  the  survivor 


curve  indicates  3dm  of  an  organism  remaining.  1  his  fraction  can  there¬ 
fore  be  interpreted  as  the  “probability”  of  finding  just  one  organism 
surviving  6  min  heating. 

Similarly,  from  curve  A,  Fig.  4.21,  it  is  noted  that  alter  7  min  heating, 
10-2  organism  remains.  This  can  be  interpreted  as  indicating  that  after 
7  min  heating,  there  is  just  one  chance  out  of  a  hundred  of  finding  a  viable 
organism  remaining. 

Applying  this  type  of  reasoning  to  TDT  tubes,  one  finds  the  phe¬ 
nomenon  of  skips  no  longer  mysterious  but  something  quite  natural  and  to 
be  expected.  In  fact,  as  mentioned  previously,  skips  are  characteristic  o 
TDT  determinations.  A  survivor  curve  is  associated  with  every  tube  in 
a  TDT  test,  and  one  can  now  readily  see  that  there  will  not  be  a  definite 
TDT  Rather,  there  will  be  one  length  of  time  at  which  only  one 
organism  can  be  expected  to  survive,  and,  as  that  time  is  exceeded,  the 
probability  of  finding  a  viable  organism  decreases. 
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Although  this  explanation  satisfactorily  accounts  for  many  of  the 
phenomena  involved  in  TDT  determinations,  one  cannot  lightly  dismiss 
the  whole  question  of  variation  of  bacterial  heat  resistance.  I  helps 
(1944,  p.  204)  makes  the  following  comment: 

It  is  frequently  said  that  a  death  rate  curve  of  this  pattern  [logarithmic  sur¬ 
vivor  curve]  represents  a  varying  resistance  of  the  individual  cells  to  the  lethal 
effect.  This  is  probably  far  from  the  truth.  The  form  of  a  hypothetical  dis¬ 
tribution  curve  of  the  natural  resistance  in  the  bacterial  population,  required  to 
give  this  resultant  death  rate  curve,  would  be  of  a  pattern  similar  to  the  curve 
itself.  That  is,  it  would  be  an  L-shaped  curve  with  a  maximum  peak,  composed 
of  the  lowest  resistant  individuals,  at  the  extreme  left,  and  a  continuously  dimin¬ 
ishing  population  of  individuals  of  higher  resistance.  This  is  a  very  unnatural 
distribution  curve  in  biology  and  is  ill-adapted  as  a  rational  basis  for  the  death 
rate  curve. 

Moreover,  Chick’s  early  studies  were  concerned  with  this  very  point.  She 
found  that,  when  her  material  was  not  homogeneous  as  to  age,  it  showed  a  dis¬ 
tortion  from  the  true  geometric  death  rate  curve  of  just  the  kind  that  would  be 
anticipated  if  there  were  a  normal  distribution  of  resistance  in  the  population 
superimposed  upon  and  slightly  modifying  the  death  rate.  Normal  distribution 
means  that  which  corresponds  to  the  distribution  of  height  or  strength  or  any 
other  single  characteristic  in  which  there  is  a  maximum  frequency  near  the  cen¬ 
ter  of  the  range  tailing  off  symmetrically  toward  each  end.  When  Chick  cul¬ 
tured  her  bacteria  at  frequent  intervals  and  obtained  closer  and  closer  approxi¬ 
mations  to  homogeneous  material,  her  death  rate  curves  showed  less  and  less  of 
the  type  of  distortion  presumably  due  to  variable  resistance. 


Phenomena  Described  by  Equations  of  the  Type  y  =  y0ebt 

It  is  of  interest  to  review  other  phenomena  which  can  be  described  by 
a  straight  line  on  semilog  paper.  A  study  of  these  may  yield  a  clue 
regarding  the  mechanism  of  death  of  bacteria.  But  first,  a  few  remarks 
on  the  associated  differential  equation  will  be  helpful. 

Consider  a  certain  quantity  N.  This  can  be  almost  anything— the 
number  of  tadpoles  in  a  pond,  the  amount  of  money  in  your  bank,  the 
concentration  of  sugar  in  pancake  syrup,  the  mass  of  metallic  zinc’ in  a 
beaker  of  hydrochloric  acid,  or  the  number  of  bacteria  in  a  culture  tube 
Let  this  quantity  change  in  such  a  manner  that  the  rate  at  which  it  changes 
is  proportional  to  the  amount  present.  For  instance,  if  money  in  the 
mn  -  gams  interest  at  2  per  cent  per  year,  the  rate  at  which  the  money 
increases  wil  he  proportional  to  the  amount  in  the  bank.  Thus  $1  000 
c  anges  at  the  rate  ol  *20  per  year,  but  *2,000  changes  at  the’ rate  of 
140  per  year.  1  hrs  example,  while  easy  to  understand  is  not  very  good 

A  O  P?uP08eS  S"1Ce  a  Change  takes  P|ace  at  too  infrequent  intervals 

tamlls  a  £?“%“*  Ch*“*e  place  continuously  One 

example  ,s  a  beaker  of  water  containing  a  dye  uniformly  distributed 
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thioughout.  1  he  beaker  is  placed  under  a  water  faucet  which  pours 
watei  into  the  beaker  sufficiently  fast  to  create  turbulence  and  promote 
mixing.  But,  at  the  same  time,  water  and  dye  are  overflowing.  The 
o\  eiflow  is  at  a  constant  late,  but  the  amount  of  dye  running  over  the 
edge  is  proportional  to  the  concentration  of  the  dye  in  the  beaker.  There¬ 
fore,  the  rate  at  which  the  concentration  is  changing  at  any  given  time 
is  proportional  to  the  concentration  present  at  that  time.  Since  the  rate 
of  change  of  N  with  respect  to  time  is  dN/dt,  we  have 

Si  -  ±bN  u-28> 


The  positive  sign  is  used  if  N  increases  with  time  and  the  negative  sign 
if  N  decreases.  The  proportionality  factor  is  frequently  called  the 
velocity  constant.  Integrating  (4.28)  we  get 

In  IV  =  ±  bt  +  constant  (4.29) 

When  t  —  0,  the  constant  is  equal  to  In  No,  where  No  is  the  initial  value 
of  N.  Therefore 

In  N  —  4“  In  N o 

or  In  =  +  bt  (4.30) 


and  on  taking  antilogarithms  of  both  sides,  we  get 

H-  _■  e±bt 
N0 

or  N  =  N  oe±bl  (4.31) 

This  equation  is  of  the  same  form  as  that  for  the  survivor  curve.  The 
equation  is  sometimes  dignified  by  the  name  of  the  “law  of  organic  growth 
or  decay.” 

In  addition  to  the  two  examples  just  given,  this  equation  describes 
(1)  the  rate  of  a  monomolecular  reaction;  (2)  the  absorption  of  light, 
cosmic  rays,  X  rays,  etc.,  in  any  physical  medium  (i.e.,  not  a  vacuum); 
(3)  many  transient  electric  currents;  (4)  the  radiation  of  heat  under  cer¬ 
tain  conditions;  survivor  curves  for  bacteria  when  they  are  killed  by 
(5)  heat,  (6)  chemicals,  (7)  X  rays,  (8)  ultraviolet  rays,  (9)  supei sonic 
waves,  (10)  decay  of  radium. 

A  further  example  is  of  direct  interest.  A  trigger-happy  inebriate  is 
standing  on  the  edge  of  a  well-stocked  goldfish  pond  with  a  machine  gun 
in  hand.  Assume  there  is  ample  ammunition.  When  he  begins  firing, 
he  does  so  continuously,  always  shooting  into  the  pond  but  never  aiming 
at  any  particular  place.  The  survivor  curve  for  the  goldfish  would  be 

exactly  of  the  same  form  we  found  for  bacteria. 

What  is  of  particular  interest  to  us  is  that  survivor  curves  of  the  same 
form  are  obtained,  no  matter  what  the  agent  of  death  happens  to  e, 
provided  the  power  of  the  agent  to  destroy  the  organic  entities  remains 
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constant.  If,  in  the  ease  of  heat,  we  postulate  a  variation  in  thermal 
resistance  to  account  for  the  type  of  survivor  curve,  then  for  all  bacteria, 
no  matter  whether  spores  or  vegetative  cells,  whether  it  is  one  species  or 
another,  we  must  have  the  same  frequency  distribution  of  thermal  resist¬ 
ance,  X-ray  resistance,  chemical  resistance  (no  matter  what  the  chemical), 
ultrasonic-wave  resistance,  etc.  This  is  indeed  a  large  order  for  nature, 
[t  would  certainly  seem  as  if  the  individual  resistance  of  a  bacterial  cell 
is  not  the  dominant  factor  in  determining  the  order  of  death.  One  must 
ook  elsewhere  for  the  cause. 


Examination  of  the  Concepts  of  Heat  and  Temperature  on  a 

Microscopic  Scale 

One  reason  why  microorganisms  may  exhibit  an  apparently  anomalous 
lehavior  when  heated  is  that  the  concepts  of  heat  and  temperature  to 
vhich  we  have  become  accustomed  on  a  macroscopic  scale  may  no  longer 
>e  applicable  when  applied  to  objects  of  minute  size.  If  you  have  500  ml 
>f  watei  in  a  beaker,  you  can  determine  the  water  temperature  quite 
eadily  with  a  mercury  thermometer  or  with  a  thermocouple  and  poten- 
iometer.  The  concept  of  temperature  on  this  case  is  a  familiar  one  and 
auses  most  people  little  trouble.  Physicists,  on  the  other  hand,  have 
eldom  been  quite  satisfied  with  any  definition  in  the  customary  sense. 
Lccordmg  to  modern  operational  theory,  the  attempt  to  define  the  tem¬ 
perature  of  an  object  as  a  property  of  the  object  should  be  abandoned  and 
fie  strictly  operational  concept  used  instead.  This,  in  effect,  would 
efine  temperature  by  the  methods  used  to  measure  it.  From  this  point 
vie™’  |s  efy  t0  see  that  the  concept  of  the  temperature  of  a  bacterial 
pore  breaks  down  completely.  There  is  no  method  known  at  present 
re  a  thermocouple  or  other  measuring  device  could  be  placecf  inside 
spore  to  measure  its  temperature.  But,  it  might  be  argued  certain lv 
spore  in  a  medium  at  180°F  would  have  the  same  temperature  as  the 

ae  spore  Thirtow f  ^  SC”Se  ‘°  Speak  °f  the  te"'P<>rature  of 
,  however,  amounts  to  a  new  definitirm  'Tu 

z  as  t  as  -  *  ,sTs: 

OT,  accord i na^to This  defi  /  <*  spore  as  being 

■at  of  the  m«lrnm)  and  ut  u"  7  Zi  I™"  is 

iis  temperature.  g  y  U,lk  °f  the  spore  ltself  as  having 

of 

ssume  the  walls  to  be  of  perfectly  ehsti/ \  /  le.molecule  18  111  motion, 
i  striking  a  wall,  is  reflected  with  no  h  •  'T  01  m  S°  that  the  molecule, 

iti: it 

’  a  perfect,  ^ 
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of  the  temperature  of  the  molecules  would  then  have  sense.  Now,  con¬ 
sider  the  temperature  of  the  molecules  when  the  box  contains  10,  102,  10:i. 
etc.,  molecules.  At  some  number  the  question  has  meaning.  That  is, 
as  the  number  of  molecules  increases,  the  concept  of  temperature  takes 
on  meaning.  It  obviously  does  not  do  this  suddenly.  Somewhere  there 
must  be  a  transition  range  where  the  concept  is  hazy  and  ill  defined. 

Next,  consider  a  fixed  spherical  object  the  size  of  a  hydrogen  molecule. 
It  can  have  no  temperature.  But  if  it  were  to  increase  in  size,  maintaining 
its  intrinsic  physical  properties,  a  point  would  eventually  be  reached 
where  it  would  be  proper  and  meaningful  to  speak  of  its  temperature.  In 
this  case  too,  there  must  be  a  transition  range  within  which  the  tempera¬ 
ture  concept  is  poorly  defined.  Just  what  the  magnitude  of  this  range 
may  be  has  not  yet  been  established  in  any  physical  case,  but  there  is 
reason  to  believe  that  it  may  be  in  the  neighborhood  of  1/x.  It  is  the  phe¬ 
nomenon  of  Brownian  movement  which  furnishes  presumptive  evidence 
for  this  remark. 

Our  concepts  of  heat  and  temperature  are  intimately  related  to  the 
kinetic  energy  of  molecules.  As  molecular  motion  increases,  the  temper¬ 
ature  and  heat  content  likewise  increase.  Aside  from  radiation,  the 
transfer  of  heat  implies  a  transfer  of  some  of  the  kinetic  energy  of  one 
group  of  molecules  to  another  group  of  molecules.  In  the  case  of  a  macro¬ 
scopic  object  such  as  a  No.  2  can,  the  transfer  occurs  so  uniformly  that 
one  may  well  speak  of  a  “heat  flow”  Obviously,  as  the  size  of  the  object 
under  consideration  decreases,  a  point  will  be  reached  where  one  can  no 
longer  consider  the  transfer  of  energy  as  a  smooth  flow,  but  as  a  sequence 
of  collisions  of  molecules.  As  is  well  understood,  the  collisions  do  not 
exchange  uniform  quantities  of  energy.  Some  exchange  small  quantities, 
and  others  sufficient  to  impart  a  motion  to  the  object  itself,  provided  the 
object  is  small  enough.  Movement  arising  under  such  conditions  is  called 
Brownian  movement.  It  is  observed  only  with  small  particles— te 
smaller  the  particle  and  the  higher  the  temperature,  the  more  violent  the 


otion 

m  On  the  basis  of  these  remarks,  the  following  conjecture  would  seem 

rei ^Whenever  Brownian  movement  is  observed,  our  macroscopic  concepts  »/ 
temperature  and  heat  transfer  break  down  and  must  be  replaced  by  energy 
considerations  involving  molecules  in  the  discrete,  and  not  m  the  statistical, 


sense. 

Examples  of  the  Concepts  of  Heat  and  Temperature  on  a 

Microscopic  Scale 

“The  spores  are  surrounded  by  thick,  dense  walls  which  first  must  be 
softened  before  the  heat  can  altect  them. 

*  Probably  due  to  Esmarch  as  quoted  by  Lutman. 
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Let  us,  for  the  time  being,  assume  that  the  laws  of  macroscopic  heating 
are  also  valid  on  a  microscopic  scale.  One  would  like  to  know  how  long 
it  would  take  for  the  center  of  a  spore  originally  at  70°F  to  reach  249°F 
if  it  were  suddenly  immersed  in  the  medium  at  250°F.  This  problem 
oroperly  belongs  in  Chap.  7,  and  it  is  worked  out  in  detail  there.  The 
assumptions  in  Chap.  7  are  that  the  spore  is  10//  in  diameter  (about 
10  times  normal)  and  is  composed  of  material  that  heats  at  one-tenth  the 
•ate  of  nearly  all  solid  food  substances.  These  values  were  chosen  to  be 
sure  of  getting  a  highly  conservative  result.  The  answer  as  worked  out 
n  Chap.  7  is  1.02  X  10~3  sec,  or  a  thousandth  part  of  a  second.  In  an 
ictual  spore,  the  calculated  time  probably  would  be  less  than  a  millionth 
)f  a  second.  Therefore,  on  the  basis  of  macroscopic  theory,  one  may  cer- 
ainly  say  that  all  of  the  spore  or  all  of  any  bacterial  cell  reaches  the  tem- 
lerature  of  the  medium  instantly.  If  that  is  so,  then  what  of  bacterial 
‘resistance”  to  heat?  Can  it  be  that  in  one  cell  the  protoplasm  coagu- 
ates  in  5  sec  and,  in  another  cell,  40  min  are  required?  Such  extreme 
ariation  in  the  protoplasm  seems  far  more  than  one  has  a  right  to  presume 
xists. 

The  idea  of  a  resistant,  thick,  protective  membrane  must  also  be  ruled 
ut  as  an  explanation  of  the  thermal  behavior  of  spores  on  any  macroscopic 
heoiy.  A  membrane  would  indeed  be  a  poor  insulator. 

These  considerations  should  make  it  clear  that  one  may  not  speak  of  the 
amperature  of  any  microorganism,  for,  with  bodies  of  such  small  size, 
le  temperature  concept  breaks  down.  It  is  not  something  within  the 
3ll  (such  as  temperature)  which  is  the  cause  of  death.  The  cause  must 
e  outside  the  cell.  It  must  be  in  the  medium. 

While  we  are  in  this  critical  mood,  the  concept  of  coagulation  on  a 
actenal  scale  also  needs  investigation.  Everyone  has  a  fairly  good  idea 
the  differences  among  raw,  soft-boiled,  and  hard-boiled  eggs.  Here 
ragulation  takes  on  a  definite  meaning.  Obviously,  one  cannot  observe 
iw,  soft-boded  or  hard-boiled  bacteria,  although  inferences  and  generali- 
lons  a  ong  t  ns  line  seem  natural  and  are  very  easy  to  make  The 
■echamsm  of  coagulation  has  been  described  by  Kruyt :  * 


ctVnerCT  trtrfri '  “T  W  a,disperaed  sS'sfem)  tends  to  a  minimum,  the  sur- 

u  tides  one  to  am.h  ^  S“fCe  °f  the  <lispe,sc'1  !>"*<*»,  to  attach  these 
le.  one  to  another,  to  coagulate  the  colloidal  solution. 

oaguktmn  is  therefore  the  grouping  together  of  the  dispersed  particles-  the 


It 


In  J.  Alexander,  “Colloid  Chemistrv”  n  ‘inn  mi, 
ark,  1926.  J  P‘  306>  The  Chemical  Catalog  Co.,  N 
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tity  of  material,  the  ratio  of  surface  area  to  mass  increases  tremendously 
as  the  particle  size  comes  within  colloidal  range.  Nearly  all  observations 
of  colloidal  phenomena  have  been  made  on  macroscopic  systems  such  as 
test  tubes  or  beakers  of  suspensions  (a  notable  exception  is  the  apparent 
thixotropic  behavior  observed  in  the  pseudopodia  of  amoebae).  There 
is  no  assurance  that  an  aggregate  of  billions  and  trillions  of  particles  either 
will  or  will  not  possess  the  same  properties  as  are  possessed  by  an  aggre¬ 
gate  of  but  a  hundred  or  a  thousand  particles.  There  is  likewise  no 
assurance  that  the  heat  coagulation  in  a  4-min  egg  is  of  the  same  nature 
as  the  heat  coagulation  of  a  bacterial  cell  or  spore. 

These  remarks  are  not  to  be  interpreted  as  a  claim  that  there  is  no  such 
thing  as  coagulation  of  protein  in  bacteria.  Rather  they  indicate  a 
strong  doubt  that  discussion  relative  to  bacterial  coagulation  contributes 
anything  to  our  knowledge  of  the  mechanism  of  death  by  heat. 


A  Suggested  Mechanism  of  Death 

It  is  well  known  that  TDT  results  are  greatly  influenced  by  the  nature 
of  the  medium — whether  it  consists  of  distilled  water,  phosphate  solution, 
vegetable  liquor,  or  fruit  juice  and  whether  its  reaction  is  acidic,  alkaline, 
or  neutral.  Generally  the  TDT  is  greatest  when  the  pH  =  7  or  7+ ;  it 
decreases  rapidly  as  the  pH  falls  below  7  but  decreases  less  rapidly  as  the 
pH  increases  beyond  7.  The  presence  of  oils  or  fats  can  increase  the  TDT 
tremendously.  And,  of  course,  the  TDT  decreases  with  an  increase  in 
the  temperature  of  the  medium. 

On  abandoning  the  temperature  concept  for  microorganisms,  these 
observations  become  capable  of  a  simple  interpretation.  j 

1.  The  death  of  a  cell  must  be  due  to  the  action  of  one  or  more  molecules 

in  the  surrounding  medium. 

2.  Since  the  death  rate  increases  with  increasing  temperature,  this  must 
be  due  either  to  more  molecules  striking  the  cell  wall  in  a  given  time  or 
to  the  molecules  striking  it  with  greater  energy,  momentum,  or  velocity. 

3.  The  number  of  collisions  per  second  against  a  cell  wall  must  be  in, 
excess  of  a  million.  Therefore,  the  number  of  collisions  would  not  seem- 

to  be  the  controlling  factor  in  producing  death.  .  ,1 

4  The  law  of  equipartition  of  energy  holds  reasonably  well  m  a  hquia. 
That  is,  in  any  liquid,  the  kinetic  energy  over  a  given  length  of  time  wiU| 

be  the  same  for  every  molecule  in  the  liquid. 

5.  Since  the  kinetic  energy  =  0.5  mv\  the  molecules  of  lower  mass 

will  have  the  greater  mean  velocity.  , 

G  The  kinetic  energy  of  the  molecules  will  not,  at  any  given  time  be 

the  same  for  every  molecule  but  will  vary  widely  according  to  the  v eloc  y 
dltnThe0angeCntrsVof  death  must,  therefore,  be  those  molecules  having,  at 
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given  time,  energies,  momenta,  or  velocities  greatly  in  excess  of  the 
/erage. 

8.  Fats  and  oils  have  extremely  heavy  molecules.  At  any  given  tem- 
irature,  however,  their  kinetic  energy  must  be  the  same  as  the  kinetic 
lergy  of  lighter  molecules.  Since  death  rates  are  lower  in  the  presence 

fats  and  oils,  it  must  be  the  velocity,  and  not  the  kinetic  energy  or  the 
omentum  of  the  molecule,  which  causes  death. 

9.  A  variation  of  the  pH  from  the  neutral  7  indicates  a  dissociation, 
suiting  in  lighter  molecules  or  ions.  The  lighter  particles  will  have 
eater  velocities.  Since  the  death  rate  increases  with  a  deviation  from 
3  =  7,  death  is  due  to  the  velocity  of  the  particle  striking  the  cell. 

10.  When  the  pH  falls  below  7,  extremely  light  hydrogen  ions  are 
lerated.  Therefore  the  death  rate  increases  more  rapidly  when  the  pH 
■creases  from  7  than  when  it  increases  from  7. 

11.  When  the  pH  rises  above  7,  the  increase  in  death  rate  is  accounted 
r  by  the  increase  in  concentration  of  hydroxyl  ions,  OH~,  which  are  of 
ghtly  loAver  weight  than  water  molecules.  However,  a  decrease  in 
drogen-ion  concentration  takes  place  at  the  same  time,  and,  obviously, 

increase  in  death  rate  cannot  occur  until  the  effect  of  an  increasing 
ncentration  of  OH~  ions  more  than  counterbalances  the  effect  of  a 
creasing  concentration  of  H+  ions.  This  condition  is  reached  only  when 
3  rate  of  increase  in  concentration  of  OH~  ions  is  considerably  greater 
in  the  rate  of  decrease  in  concentration  of  11+  ions.  This  is  at  a  pH 
7.  Theiefore,  the  lowest  death  rate  of  bacteria  should  occur  at  some 
1  above  7,  which  seems  to  be  in  accordance  with  laboratory  data.  The 
nparatively  great  atomic  weight  of  OH~  accounts  for  the  slow  increase 
death  rate  with  increasing  pH  value  above  7. 

12.  The  protective  action  of  NaCl  noticed  by  Viljoen  may  be  due  to 
5  dlss°ciation  of  NaCl  into  Na+  and  Cl"  The  Cl~  may  combine 
•mentarily  with  H+  or  otherwise  attract  it  sufficiently  to  lower  the 
Jrage  speed  of  the  hydrogen  ions.  As  the  concentration  of  NaCl 
reases,  a  saturation  point  is  reached.  Further  increase  in  concentra- 
.>  furnishes  more  Na+  and  Cl-  for  lethal  action  and  the  death  rate 
reases;  it  is  noted,  also,  that  both  Na+  and  Cl-  are  heavier  than  H„0 


CONCEPT  OF  STERILITY 
Partial  Sterility 

■tial  sterihtr1tfr,UitfUl  ,<  ?;'CCPtS  in  the  d6ath  °f  bacteria  is  ‘hat  of 
uai  stenlity.  It  opened  the  way  to  modern  method  of  n  i 

=£? r3  =r- 

>,  at  the  time  first  used,  an  almost  meaningless  concept. 
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Assume  the  existence  of  TDT  in  the  naive  sense  in  which  it  has  been 
most  frequently  used  up  to  the  present  time.  Partial  sterility  is  defined 
in  the  following  way.  “If  the  thermal  death  time  at  temperature  T  is 
t  minutes,  and  a  suspension  of  organisms  is  heated  t  minutes,  sterilization 
is  t/r  complete.”  For  example,  if  the  TDT  at  240°  of  a  given  suspension 
is  10  min  and  if  the  suspension  is  heated  5  min,  sterilization  is  =  U 
complete.  No  meaning  was  given  to  the  concept.  It  could,  for  example, 
mean  that  one-half  the  organisms  were  completely  dead  or  all  the  organ¬ 
isms  one-half  dead.  In  this  example,  one  may  state  that  the  sterility  is 
one-half,  or  50  per  cent.  These  considerations  lead  to  the  following  defi¬ 
nition:  “The  numerical  value  of  the  sterility,  assuming  a  constant  heating 
temperature,  is  the  fraction  obtained  by  dividing  the  heating  time  by  the 
thermal  death  time  at  that  temperature.”  The  numerical  value  of  the 
sterility  will  henceforth  be  indicated  by  A. 


Additive  Property  of  Sterilities — TRT 


A  most  important  problem  arises  when  the  effect  of  a  varying  tempera¬ 
ture  on  sterilization  is  considered.  Most  practical  instances  of  steriliza¬ 
tion  involve  varying  heating  temperatures,  as  in  the  temperature  of  the 
heating  medium,  or  in  the  temperature  of  the  heated  object.  To  treat 
such  cases,  one  must  investigate  whether  or  not  sterilities  are  additive. 
For  example,  a  suspension  having  r  =  10  min  at  240°F  and  r  =  4  min  at 
250°F  is  heated  5  min  at  240°F  and  immediately  afterward  heated  2  min  at 
250°F.  The  sterilities  of  the  two  heat  treatments  are  Ai  =  *Ko  =  0-5  and 


A 2  =  =  0.5.  The  sum  of  the  sterilities  is  Ai  +  A2  =  0.5  +  0.5  =  1, 

indicating  that  the  suspension  should  be  sterile  at  the  end  of  the  second 
heating  period.  But  the  concept  of  sterility  is  an  arbitrary  man-made 
thing,  and  though  sterilities  can  be  added  on  paper,  there  is  no  assurance 

that  bacteria  will  behave  accordingly. 

There  seems  to  be  no  way  of  treating  this  question  theoretically  and 
at  the  same  time  retaining  the  naive  concept  of  TD I .  TDT  must  be 


refined — in  terms  more  amenable  to  mathematical  treatment. 

To  do  this,  one  may  study  the  survivor  curve.  It  is  noted  that,  aftef 
a  certain  heating  time,  one  viable  organism  can  be  expected  to  remain  in 
the  tube.  However,  no  matter  how  long  the  heating  time  is,  one  canno 
be  certain  of  attaining  sterility;  however,  the  probability  of  so  doing 
increases.  The  TDT,  as  heretofore  defined  and  used,  represents  an 
empirical  result  of  not  too  great  certainty.  However,  in  applications,  i 
has  been  assumed  to  have  a  definite  fixed  value.  There  seemec  to  e  n| 
adequate  method  of  accounting  for  known  variations  in  TDT  throug 
consideration  of  initial  numbers  and  concentrations  of  organisms,  noi  '' 
there  a  satisfactory  explanation  for  skips.  Little  wonder  then  t  la 
old-time  definition  of  TDT  has  proved  troublesome  in  theoretical  w 
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s  a  matter  of  fact,  it  was  so  troublesome  that  practically  nothing  has 
een  done  with  it. 

It  seems  obvious  that  the  TDT  needs  redefining  to  make  it  suitable  for 
ur  purposes.  Producing  a  new  concept  of  TDT,  however,  is  not  easy 
)  do  since  the  old  concept  has  become  firmly  established.  It  is  perhaps 
iore  expedient,  in  order  to  avoid  confusion  and  semantic  irritation,  to 
jin  a  new  expression  for  a  new  concept.  We  shall,  therefore,  call  the 
me  required  at  a  given  heating  temperature,  to  reduce  the  bacterial 
opulation  to  a  given  fraction  of  the  original  number,  the  “thermal  reduc- 
on  time,”  or  TRT.  If  it  is  required  to  express  explicitly  the  fraction 
ivolved,  we  can  employ  a  device  similar  to  that  used  in  expressing 
ydrogen-ion  concentration.  When  the  bacterial  population  is  to  be 
iduced  to  10~"  of  its  original  value,  we  can  express  the  corresponding 
lermal  reduction  time  as  TRTn.  Thus,  if  the  reduction  is  one-millionth 
’  the  original,  the  fraction  is  10-6  and  the  thermal  reduction  is  written 
RT6.  The  exponent  n  in  10-n  will  be  called  the  reduction  exponent. 

;  should  be  noted  here  that  decimal  reduction  time*  D,  which  is  the 
iciprocal  of  the  slope  of  the  survivor  curve,  equals  TRT1. 

We  must  now  make  a  clear  distinction  between  TDT  and  TRT.  The 
lermal  death  time  TDT  is  an  experimental  value,  obtained  directly  by 
jproved  TDT  technic.  The  thermal  reduction  time,  TRT,  is  obtained 
om  a  survivor  curve  as  corresponding  to  a  given  reduction  fraction  (10~n). 
In  any  mathematical  treatment,  the  expression  TRTn  is  apt  to  prove 
umsy.  This  will  therefore  be  indicated  by  f„,  in  the  same  sense  as  r  is 
>ed  for  TDT.  The  subscript  n  may  be  dropped  when  no  confusion 
ould  thereby  result.  Since  the  survivor  curve  is  given  by 


N_ 

No 


10  ~t'D 


(4.25) 


e  have,  when  t  =  £n,  N/N0  =  10~".  Therefore 

10-"  =  10-5/-D 

om  which  we  find  that 

U  D 
fn  =  nD 


(4.32) 


Returning  now  to  the  problem  of  the  additive  property  of  sterilities 
avoid  need less  extravagance  of  terms,  we  shall  in  this  section  identify 
e  fraction  f/r  with  l/(  and  call  them  both  the  sterility.  The  problem 

*For  the  term  decimal  reduction  time,”  we  are  indehtpH  tn  t„„„  a  t  x  • 

indpt  “dthMary  ?•  stro,y Applica,io"  °f  <»*  <>«=*»•<< 

mcipic  to  a  study  of  the  resistance  of  coliform  bacteri-i  tn  nn«in,  •  ,  ■  r 

id.,  45:  265  (1943).  U<  <  Ua  t0  Pasteunzation,  Jour. 
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can  now  be  stated:  if,  at  temperature  Th  TRTn  is  fnl  =  [h  and  at  tem 
perature  7  2,  the  1 R  J  n  is  fn2  =  f2,  then,  if  a  suspension  is  heated  h  mil 
at  J\  deg  and  t2  min  at  rL\  deg,  will  the  resultant  sterility  be  At  4-  A,  = 
ti/ti  +  t2/$2l 

Let  N o  be  the  number  of  organisms  before  any  heating  is  begun.  Afte 
heating  tA  min,  the  number  Ni  remaining  will  be 


N1  =  No  X  lO-'17'01 

But  D i  =  fx/n;  therefore 


Ni  =  No  X 


Taking  logarithms, 


log 


Ni 

No 


or 


Ni 

N0 


tx 

u 


—nA  i 


Therefore,  the  sterility  A  i  is  given  by 

If,  however,  No  organisms  were  heated  /2  min  at  T2  deg,  the  number  N 
remaining  will  be 

N2  =  No  X  10~,2/Z)2 


from  which  we  find  the  sterility 

.  1  ,  n2 

A’=  -~l0Zjv 


n 


0 


But,  according  to  the  problem,  Ny  organisms  must  be  heated  t2  min  a 
T2  deg.  The  remaining  number  N  is 

jV  =  N\  X  10-<2/z>2  =  iV0X  10 X  10~h/Di 

=  No  X  10_[(M/J5,)+(<J/-D,> 

=  No  X  lO-n[(',/fl)+(<J/f2)1  =  No  X  lO-,l(Al+-4!) 


The  resulting  sterility  is  then 

A  =  —  -  log  —  =  —  -  log  10-"(Ai+A2)  =  Ai  +  A2 
n  No  n 

Thus,  through  a  proof  that  is  made  possible  by  the  use  of  the  TRT  com 
cept,  the  problem  is  answered  in  the  affirmative;  sterilities  are  additive. 

In  this  proof  only  two  heating  temperatures  were  assumed.  Ihe  gen 
eralization  to  any  number  of  temperatures  is  immediate  and  obvious- 
Since  the  type  of  TDT  curve  is  determined  by  the  relation  between  L 
and  T,  we  note  that  the  additive  property  is  independent  of  the  shape  o 
the  TDT  curve  because  the  term  D  drops  out  of  the  equations. 
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Relation  between  D  and  z 


If  z  is  determined  from  a  TDT  curve,  there  can  be  no  relation  between 
z  and  D,  for  the  simple  reason  that  the  TDT  is  an  indeterminate  quantity. 
However,  if  a  TRT  curve  is  constructed  and  we  now  identify  z  not  with 
a  TDT  curve  but  with  the  TRT  curve,  a  relation  between  z  and  D  can 
be  found.  A  further  assumption  must  be  made  that  the  TDT  curve  is 
a  straight  line  on  a  semilog  paper.  If  so,  by  substituting  f  for  r  in  (4.27), 
we  have 


250 


z 


(4.34) 


and  from  (4.32)  and  (4.34), 


Therefore 


and 


T  -  250 
z 


z 


T  -  250 


log 


F 

nl) 


F 

D  =  -  X  10-(7,-260)/* 
n 


(4.35) 


(4.36) 


MISCELLANEOUS  TOPICS 
Velocity  Constant  and  Temperature  Quotient 

Many  workers  in  the  field  of  the  physiology  of  bacteria  employ  concepts 
similar  to  the  ones  we  have  been  using.  For  the  sake  of  completeness 
two  of  them  will  be  related,  in  so  far  as  possible,  to  the  terms  employed 

here.  The  reader  is  referred  to  Buchanan  and  Fulmer  [4]  for  a  detailed 
description  of  the  two  terms. 

The  velocity  constant  b  is  obtained  from  the  survivor  curve  when  written 
in  the  form 


N  =  N  0e~bl 

It  can  be  seen  that  b  is  related  to  D  by 


b  = 


2.303 

D 


(4.31) 


(4.37) 


We  prefer  D  to  b  since  it  can  be  found  directly  from  the  cranh  of  tho 
constant  T®  a”d  u  iS  Capabl°  °f  a  sim',le  interpretation.  The  velocUv 

eStrUCtlon-  1  here  18  no  essential  difference  between  b 
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and  D.  Convenience  alone  is  responsible  for  the  preference  of  one  oven 
the  other. 

The  temperature  quotient  Q±T°  is  defined  by 


where  bo  =  velocity  constant  at  higher  temperature 
61  =  velocity  constant  at  lower  temperature 
AT0  =  difference  between  two  temperatures 
Buchanan  and  Fulmer  [4]  state: 

In  most  cases  it  is  customary  to  record  the  temperature  quotient  for  a  tern 
perature  interval  of  10°C  as  Qio°.  In  many  of  the  chemical  reactions  studied 
the  temperature  quotient  fiho0  for  a  10°C  rise  in  temperature  has  a  numerica 
value  of  two  to  three.  This  common  finding  that  the  reaction  rate  doubles  o 
trebles  for  a  10°  rise  in  temperature  is  commonly  termed  (particularly  in  the  bio 
logical  literature)  the  R.G.T.  (Reaktionsgeschwindigkeit  Temperatur)  rule,  o 
the  van’t  Hoff  rule. 


By  (4.36)  and  (4.37), 


&  =  2.303  _  2.303//  x  ^ 


for  AT°  =  10°C, 


b  i  = 

bo  = 


I)  F 

2.303 n 


F 

2.303/l 

F 


X  10772 
X  10(7’+10°c)/i 


and 

o  -62- 

Ql0°  “  br  ~ 

^Q(T+10°C)/z 

10T/2 

2Q  10°C/z 

(4.38 

Of  course,  in 

(4.38),  z  must  be 

expressed  in 

degrees’  c 

entigrade.  From 

(4.38)  we  get 

z(in 

°C)  =  — 

log  Q 

(4.39 

and 

z(in 

18 

^  _  log  Q 

(4.40 

SUMMARY 


Bacteria  are  classified  according  to  their  physical  form,  genetic  features 
and  metabolic,  including  respiratory,  characteristics.  The  kinetics  o 
their  multiplication  and  of  their  destruction,  especially  the  latter  is  a 
major  importance  in  the  application  of  methods  of  predicting  the  sterih 
zation  of  foods.  Mathematics  in  this  chapter  has  shown  how  variation 
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in  the  nature  of  influencing  conditions  may  be  expected  to  affect  the  rate 
of  multiplication  of  microorganisms.  It  demonstrates  also  the  improb¬ 
ability  of  there  being  a  true  logarithmic  phase  of  growth.  Growth  curves 
are  consistent  with  the  premise  that  the  growth-inhibiting  influences,  as 
well  as  the  vitality-destroying  influences,  in  a  culture  of  bacterial  cells  go 
through  a  continuous  increase  in  potency.  The  higher  the  rate  of  this 
increase  is,  the  greater  is  the  difference  between  the  growth  curve  and  the 
straight  exponential  relationship. 

A  survivor-curve  equation  was  developed  by  analytic  geometry.  This 
equation  plays  an  important  role  in  the  calculation  method  developed  in 
Chap.  15.  As  a  matter  of  interest,  a  broad  range  of  application  of  equa¬ 
tions  of  this  type  is  shown,  for  instance,  to  express  the  amount  of  dye  in 
an  overflowing  beaker  or  the  amount  of  money  in  the  bank. 

The  development  of  the  thermal  death  time  curve  and  its  equation  is 
exhaustively  covered  because  that  equation  is  fundamental  to  all  heat- 
process  calculation  procedures. 

Finally,  the  concept  of  thermal  reduction  time  is  presented  and  its  sig¬ 
nificant  relationship  to  recently  modified  concepts  of  thermal  death  time 
is  shown  mathematically.  The  connection  between  this  concept  and  the 
concepts  of  velocity  constant  and  temperature  quotient,  which  have  been 
used  by  workers  in  the  field  of  physiology  of  bacteria,  is  interesting  and, 
after  a  little  thought,  quite  obvious.  Therefore,  it  was  a  simple  matter 
to  show  this  relationship  mathematically,  thus  essentially  completing  the 
picture  of  kinetics  of  bacterial  growth  and  destruction. 


SYMBOLS 

Quantities  required  to  express  conditions  that  are  to  be  numerically  related  to 
numbers  of  viable  cells,  and  symbols  used  to  represent  them,  are  the  following: 

A  Numerical  value  of  sterility,  mathematically  defined  as  A  =  l/T  time  of 

heating  at  temperature  T,  divided  by  thermal  death  time  at  temperature  T. 

A  parameter  having  a  value  that  depends  upon  factor  of  build-up  of  inhibit¬ 
ing  conditions. 

\  elocity  constant,  occurring  in  equation  of  survivor  curve. 


D 


_  ,  t>  =  n/D  =  2.:m/D 

oee  definition  of  n. 

£“r;:n  time;  TV7‘iro<l  f°r  SUrViVOr  CUrVC  *»  1—  over  one 
g,  'V  '  .  D  reciprocal  of  slope  of  survivor  curve.  The  term  decimal 

redu1ctl0“  lr r  sprin*s  «">»  ‘he  fact  that  in  time  l,  there  iS  a  roducZ  h 

£  jru  ;ei^z  - 

For  defimtion  of  “log  cycle,“  see  discussion  of  heating  curve,  Chap.  5. 
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e  Base  of  Napcrian  logarithms,  e  =  2.71828183 

F  Number  of  minutes  required  to  destroy  organism  at  250°F. 

F0  The  “order”  of  a  process,  representing  number  of  minutes  required  to 
destroy  organism  at  250°  when  z  (of  real  or  assumed  thermal  death  time 
curve)  equals  18°.  F0  serves  as  a  standard  by  means  of  which  sterilizing 
values  of  different  processes  may  be  compared.  A  “process  of  order  10’’ 
for  instance,  is  a  process  which,  theoretically,  gives  100  per  cent  sterilization 
when  calculated  on  the  basis  of  a  thermal  death  time  curve  passing  through 
point  10  min,  250°  and  having  a  slope  z  of  18°. 

//  1  ime  in  hours  which  would  elapse  between  generation  of  a  cell  and  sub¬ 

division  of  cell  for  propagation  if  accelerating  and  inhibiting  influences 
remained  constant  at  level  which  they  had  at  time  x.  In  mathematical 
terms,  H  =  h  +  L/M . 

Ha  Time  in  hours  which  would  elapse  between  generation  of  a  cell  and  sub¬ 

division  of  cell  for  propagation  under  accelerating  and  inhibiting  influences 
which  existed  during  life  period  of  cell.  In  mathematical  terms, 


Ha  = 


vz 


x—  Ha 


H  dx 


[see  Eq.  (4.5)]. 


Had  Value  of  Ha  for  a  cell  which  divides  for  propagation  at  time  to. 

Haf  Value  of  Ha  for  a  cell  which  divides  at  time  xf- 

H0  Value  of  H  at  time  ta. 

H i  Value  of  H  at  time  Xi. 

H2  Value  of  H  at  time  x^. 

h  Time  in  hours  which  would  elapse  between  generation  of  a  cell  and  sub¬ 

division  of  cell  for  propagation  if  accelerating  and  inhibiting  influences 
remained  constant  at  level  which  they  had  at  time  x  =  0.  h  may  be  re¬ 
garded  as  an  index  of  growth  characteristics  of  organism. 

K  Time  in  hours  which  would  elapse  between  generation  of  a  cell  and  demise 

of  cell  if  favorable  and  destructive  influences  remained  constant  at  level 
which  they  had  at  time  x  or  t. 

Ka  Time  in  hours  which  would  elapse  between  generation  of  a  cell  and  demise 

of  cell  under  favorable  and  destructive  influences  which  existed  during  life 
period  of  cell. 

Kao  Value  of  Ka  for  a  cell  which  dies  at  time  to. 

Kacu  Value  of  Ka  for  a  cell  which  dies  at  time  t0  +  dt. 

K0  Value  of  K  for  a  cell  that  is  subjected  throughout  its  life  period  to  constant 

favorable  and  destructive  influences  which  are  those  in  existence  at  time  to- 

K  i  Value  of  K  at  time  X\. 

Kt  Value  of  K  at  time  h. 

k  Time  in  hours  which  would  elapse  between  generation  of  a  cell  and  demise 

of  cell  if  favorable  and  destructive  influences  remained  constant  at  level 
which  they  had  at  time  x  =  0.  k  may  be  regarded  as  an  index  of  stamina 
characteristics  of  organism.* 

*  The  expression  “stamina  characteristic”  seems  to  convey  adequately  a  par¬ 
ticular  property  of  “heat  resistance.”  The  adherents  of  “operational  philosophy, 

as  exemplified  in  the  writings  of  Bridgman  and  subscribed  to  wholeheartedly  by 
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A  parameter  in  mathematical  expression  of  value  ol  //. 

L  =  a(x  —  h)  log  (2 k) 

Symbol  for  log,. 

A  parameter  in  mathematical  expression  of  value  of  //. 

M  =  10  [log  (2k)  -  log  ( x  -  h)} 

A  constant  used  in  expressing  relationship  between  Ka  and  slope  of  a  sur¬ 
vivor  curve. 

Number  of  viable  cells  at  time  x  or  t  when  A  =  1  at  time  x  =  0.  Prior  to 
time  t0,  N  =  1  +  RNdx  dx.  Subsequent  to  time  to, 

N  =  N0  -  2  ['^  (R  -  \)N ^  dx 

J  to  —  Kao 

Value  of  N  at  time  t  —  dt. 

Value  of  N  at  time  x  —  dx. 

Value  of  N  at  time  t0. 

Reduction  exponent  in  TRT  considerations.  The  factor  10~n  expresses 
the  reduction  in  bacterial  concentration  during  thermal  reduction  time. 

A  temperature  quotient. 

Rate  of  increase  in  number  of  cells.  H  is  ratio  of  number  of  viable  cells  in 
a  given  system  at  end  of  a  unit  time  interval,  compared  to  number  present 
at  beginning  of  time  interval.  In  mathematical  terms,  R  =  2l/Ii*. 

A  divisor  occurring  in  mathematical  expression  of  value  of  K. 

S  =  a(x  —  h)  log  (2k) 

Temperature  of  heating  medium. 

Time  in  hours  during  period  subsequent  to  time  t0,  measured  from  zero  time. 

Time  in  hours,  measured  from  zero  time,  of  instant  at  which  demise  of  cells 
begins.  This  is  instant  at  which  t  —  KA  =  x0. 

Time  at  which  a  bacterial  cell  succumbs. 

Thermal  death  time  at  temperature  T.  See  page  168. 

A  dividend  occurring  in  mathematical  expression  of  value  of  K. 

V  =  10  [log  (2k)  -  log  (x  -  A)] 

Time  in  hours  during  period  prior  to  time  ta,  measured  from  zero  time. 

Time  in  hours,  measured  from  zero  time,  designating  instant  at  which  gen¬ 
eration  of  new  cells  comes  to  an  end.  In  mathematical  terms, 


•Ef  —  #0  T  R  A  F 

Time  in  hours,  measured  from  zero  time,  designating  instant  at  which  cells 
were  generated,  which  die  at  time  t0.  In  mathematical  terms,  x0  =  t0  -  A’4o. 

>st  modern  physicists  and  many  scientists  in  other  fields,  may  find  the  term  obk7- 

“otra  ^7“^  Ca"  T  by  th° 

scientific  thought  as  a  term  in  which  are  hidden  the  evils  of  teleoloirv 

thropocentrism,  and  kindred  “stumbling  blocks  to  the  truth  ”  While  tl  •  S‘  ’ 

J'  inclined  to  favor  the  operational!,  t i” T 

ion  that  such  dev.at.ons  as  occur  in  this  book  are  not  likely  to  be  harmful. 
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lime  at  which  a  bacterial  cell  is  generated  which  either  divides  for  propa¬ 
gation  at  time  x2  or  succumbs  at  time  t2. 

%2  Time  at  which  a  bacterial  cell  divides  for  propagation. 

3  Slope  of  thermal  death  time  curve.  See  Eq.  (4.35). 

f  Thermal  reduction  time  at  temperature  T.  See  page  185. 
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IHAPTER  5 


iLEMENTS  OF  HEAT  PENETRATION 


HEAT-PENETRATION  CURVES 

Empirical  heating  and  cooling  curves  are  obtained  when  the  results  of 
heat-penetration  test  are  plotted  and  the  experimentally  determined 
oints  are  used  in  the  approximation  of  a  smooth  curve.  The  type  of 
urve  varies  considerably,  depending  principally  on  the  manner  in  which 
lie  data  are  plotted  and  the  kind  of  food  product  involved. 

In  this  chapter,  we  shall  discuss  the  various  types  of  heating  curves 
nd  the  methods  of  plotting  and  describing  them.  Following  this,  a  brief 
escription  of  experimental  equipment  and  technics  will  be  given. 

The  expression  “heat  penetration”  has  become  so  fixed  a  part  of  can¬ 
ing  technology  that  it  would  now  be  practically  impossible  to  eliminate 
•  In  a  certain  sense,  this  is  unfortunate,  since,  strictly  speaking,  the 
inn  is  meaningless.  A  heat-penetration  curve  is  a  time-temperature 
irve.  he  phenomenon  of  heat  is  not  necessarily  involved  in  this  con- 
ipt;  moreover,  the  term  “penetration”  is  used  in  a  loose  sense,  giving 

™LfaZy,«n  T':at  ‘f  meallt'  We  have  found  the  expression  used 
g  before  1920,  and  by  that  time  it  had  become  well  known,  even  if  not 

understood.  It  is  not  our  intention  to  berate  the  originator  but 

ei  to  apologize  obliquely  for  continuing  its  use.  We  feel  it  will  not 

!  harmful!  ,f  ,t  is  understood  that  heat  penetration  is  just  a  loose  Term  to 

at  ayheaetgpeen„eerf  T"  *  into-  "  f™m,  a  material  obj  and 

at  a  heat-penetration  curve  is  a  time-temperature  curve  for  a  .riven 

md^d  Ty  tmf4’  ‘  *"  *  beaten^  , 

pi  oamed  by  transmission  of  heat  enenrv  ,• 

„„ . .  xs+ms  z 

Zzszzzxssr?*";  ■  ™ » 

all  venture  7?  CaUti°"- if  at  aU'  We 

mperature  at  a  point  in  a  matet  “folgM^bouU  °f 

e  quantity  of  heat  energy  possessed  by  the  mo^  ,  k  g08.m 
the  point  when  the  changes  are  produced  by  trant^onlf  h^S • 
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through  the  portions  of  the  material  immediately  surrounding  the  point, 
the  transmission  of  heat  energy  occurs,  of  course,  against  resistance 
offered  by  the  material  to  the  flow  of  heat  energy. 

Plotting  the  Curves 

It  the  time-temperature  data  are  plotted  on  rectangular  coordinate 
paper,  the  resulting  curve  may  be  studied  for  obvious  irregularities, 


o  10  20  30  40  50  0  10  20  30  40  50 

Time, min  Time, min 

Fig.  5.1a.  Heating  (heat-penetration)  Fig.  5.15.  Heating  (heat-penetration) 

curve  in  convenient  form  for  theoretical  curve  in  convenient  form  for  theoretical 

use,  with  temperature  scale  expressed  in  use,  with  temperature  scale  expressed  as 

degrees  difference  between  processing  a  ratio  of  two  temperature  differences, 

temperature  Tx  and  temperature  in  the  T\  —  T  and  T i  —  T 0. 

container  T. 

maxima  or  minima,  and  comparison  with  other  data  similarly  plotted. 
However,  if  the  curves  are  plotted  on  semilogarithmic  paper,  many  char¬ 
acteristics  which  are  undetectable  on  cross-section  paper  become  obvious 
on  inspection  of  the  graph.  It  will  be  found  that  this  method  ol  plotting, 
the  curves  greatly  increases  the  amount  of  information  which  may  he 
derived  from  the  data. 

Three  methods  of  plotting  the  curves  will  be  given,  of  which  two  are! 
more  suited  to  theoretical  work  and  the  third  is  better  adapted  to  prac¬ 
tical  applications.  The  first  is  illustrated  in  Fig.  5.1a.  If  the  tempera¬ 
ture  of  the  heating  medium  is  T1  and  that  of  the  measured  point  is  T, 
then  the  logarithmic  scale  of  Fig.  5.1a  is  numbered  in  degrees  difference, 
between  Tx  and  T.  In  this  scale,  the  heating  temperature  T i  is  desig¬ 
nated  zero  because  it  is  convenient  to  regard  the  heating  temperature  as. 
the  point  of  origin  of  the  temperature  scale.  The  initial  temperatuie  o 
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iay  have  any  value.  Figure  5.16  is  similar  to  Fig.  5.1a  except  that  the 
umbers  of  the  logarithmic  temperature  scale  are  obtained  by  dividing 
i  —  T  by  T\  —  T0  where  T 0  is  the  initial  temperature  at  the  measured 
:>int.  In  this  scale,  which  is  commonly  employed  in  the  mathematical 
ieory  of  the  conduction  of  heat, 
ie  initial  temperature  is  always 
lity  and  the  heating  temperature 
zero.  Temperatures  on  this  scale 
ill  be  designated  by  u. 

Figure  5.  lc  illustrates  the  medium 
bich  is  best  adapted  to  practical 
routine  use.  The  logarithmic- 
ale  numbers  increase  in  value  in  a 
rection  opposite  to  that  of  the 
mbers  of  the  temperature  scales 
Figs.  5.1a  and  5.16.  The  top 
e  of  the  graph  which  corresponds 
1  is  numbered  1°  below  the  heat- 
?  temperature,  and  so  forth.  In 
=•  5.1c,  the  heating  temperature 
250°F;  the  top  line  is  therefore 
mbered  249  and  successive  lines 
1  248,  247,  etc.  In  this  manner, 

5  scale  on  the  graph  is  numbered 


Fig.  5. lr.  Heating  (heat-penetration) 
curve  in  convenient  form  for  practical 
application. 


uch  a  way  that  the  actual  temperatures  are  plotted  directly  without 
-  necessity  of  the  transformations  used  in  Figs.  5.1a  and  5.16  The 
u  ting  curves,  plotted  by  any  of  the  three  methods,  will  always  be 
mptotic  to  a  straight  line,  provided  that  the  heating  temperature  and 
1  dermal  diffusivity  are  both  constant. 

Description  of  Curves 

. . 

3  first  category  is  represented  pu" >  conduction. 

iZSXSJZ? — *  •ASSESS 

be  considered.  *  straight-line  approximations 

L  stiaight  line  is  uniquelv  determine!  k,r 

rence  point  which  seems  most  convenient  ^  ^  Th° 

with  the  temperature  axis  at  t  =  o  F  mtersection  of  the 

■on  of  the  asymptote  with  the  te^eratur:^~rJ^ 
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designated  the  origin  of  the  asymptote.  In  Figs.  5.1a,  5.16,  and  5.1f 
this  point  has  the  values  160,  2,  and  90,  respectively.  The  value  2 
obtained  in  Fig.  5.16,  is  independent  of  the  heating  and  initial  tempera 
tures.  This  suggests  that  some  means  should  be  devised  to  represen 
the  origin  independently  of  the  heating  or  initial  temperatures  for  Fig.  5.1c 
The  following  method  accomplishes  this  purpose.  Let  TA  be  the  ordinati 
of  the  origin  of  the  asymptote.  Then 


or 


Ti  —  TA  =  j(T x  -  T0) 
.  Ti  -  T A 

J  T i  -  To 


(5.1 


We  shall  designate  the  difference  between  a  given  temperature  and  th 
retort  temperature  by  the  letter  I  with  the  appropriate  subscript. 

Thus  Tx  -  Ta  =  I A  (5.2 

T\  —  T0  =  Io  (5.3 


(5.1)  may  then  be  written: 


I a  —  jl o 
.  .  I A 


or 


J  = 


(5d 


The  parameter  j  is  often  referred  to  as  the  lag  factor  since  it  is  a  measui 
of  the  lag  in  establishing  a  uniform  heating  rate.  This  is  true  only  if  j 
greater  than  unity.  If  j  is  between  0  and  1  it  represents  a  jump  rathfi 
than  a  lag.  Negative  values  of  j  will  be  considered  in  Chap.  7. 

If  an  experimental  heating  curve  has  been  obtained,  the  value  of  j  cai 
be  determined  from  the  graph  and  (5.1).  This  value  of  j  can  then  be  use 
to  determine  the  reference  point  for  any  other  condition  of  heating  < 
initial  temperature.  It  is  this  property  of  j  which  makes  it  of  such  grea 
value  in  practical  application.  It  will  be  shown  later  (Chap.  7)  that  j  - 
a  function  of  the  position  of  the  measured  point,  the  shape  of  the  objee 
being  heated,  and  the  initial  temperature  distribution. 

The  slope  of  the  asymptote  can  be  determined  in  the  convention 
manner  by  finding  the  tangent  of  the  angle  between  the  asymptote  ai 
the  time  axis.  Since  the  ordinates  are  expressed  in  a  logarithmic  scan 
this  procedure  is  inherently  awkward.  Instead,  the  slope  is  expressed  . 
terms  of  the  number  of  minutes  recpiired  to  traverse  one  logarithmic  eye 
A  logarithmic  cycle  on  semilogarithmic  paper  is  the  distance  along 
ordinate  in  which  the  ordinate  increases  tenfold ;  for  example,  the  is  &  _ 
from  1  to  10,  2  to  20,  400  to  4,000,  or  0.00172  to  0.0172.  Exammat." 
of  Fig.  5.1  shows  that  the  ordinate  changes  tenfold  in  about  25  nun. 
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me  will  be  designated  by  /.  Physically,  /  is  the  time  required  to  reduce 
e  difference  between  the  retort  temperature  and  the  temperature  at  a 
ven  point  to  one-tenth  its  value  at  the  beginning  of  the  time  interval, 
eometrically,  /  is  the  cotangent  of  the  angle  between  the  asymptote  and 
e  time  axis.* 

The  straight-line  representation  of  a  simple  logarithmic  heating  curve 
ay,  therefore,  be  given  completely  by  j,  f,  7\,  and  TV 
Broken  Logarithmic  Heating  Curve.  A  certain  group  of  foods,  includ- 
g  soups  of  medium  thickness,  brine-packed  whole-grain  corn,  tomato 
ice,  and  a  number  of  specialty  products,  sometimes  exhibit  the  so-called 
oken  heating  curve.  Such  curves  when  properly  plotted  are  asymptotic 
a  second  straight  line  of  slope  different  from  the  first.  The  point  of 
tersection  of  the  two  asymptotes  is  called  the  “break.”  Such  a  curve 
shown  in  Fig.  5.2.  The  first  portion  of  the;curve  is  designated  similarly 
the  simple  logarithmic  heating  curve,  except  that/i  is  written  instead 
/  to  indicate  not  only  that  a  broken  heating  curve  is  under  considera- 
>n,  but  specifically,  the  first  asymptote.  The  abscissa  of  the  break  is 
and  its  “ordinate”  is  Iv  =  7\  -  Tp.  The  slope  of  the  second  asymp- 
te  is  given  by  /2.  The  broken  heating  curve  is  then  completely  described 
Ti,  T0,  j,  /i,  tp ,  and /2.  Note  that  the  point-slope  method  of  descrip- 
,n  stiff  retained  throughout.  Ihe  “origin”  of  the  first  asymptote  is 
fen  by  T\,  7  o,  and  j ;  its  slope  by  f  i.  1  he  origin  ol  the  second  asymptote 
gi\  en  by  either  tp  or  Ip  plus  the  data  on  the  first  asymptote,  while  its 
pe  is  found  from  /2. 


By  definition,  for  a  curve  of  which  one  scale  represents  time,  the  slope  of  the  curve 
a  point  is  the  rate  of  change  at  that  point  of  the  factor  represented  by  the  other 
le  For  a  heat-penetration  curve,  the  slope  is  the  rate  of  change  of  temperature 
.thematically,  the  slope  of  such  a  curve  at  a  point  is  numerically  equal  to  the  tangent 

Jhe  angle  between  the  time  axis  and  the  straight  line  that  is  tangent  to  the  curve 
that  point  and  the  time  axis. 

W  hen  an  equation  of  a  curve  is  known,  an  algebraic  expression  for  the  slope  at 

|pomt  can  he  obtained  by  differential  calculus.  Thus,  for  the  heating  curve  shown 
big.  5.1a,  for  which  an  equation  is 


i  -  j(Ti  -  To) 
/  log,°-r1  _  T 


[see  Eq.  (5.9)] 


slope  of  the  curve  is  found  to  be  2  3026  •?^’1  ~  To) 

f(Ti  -  T)' 

M  °0,  ,"the  ™rve°H''a„„5the";  ‘Vrll  '  7"“""°^  “  OTO  m0ve8  from  •»* 

>e  of  the  curve.  v  np  °y  t  ie  exPression  representing  the  true 
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Equation  of  a  Straight  Line  on  Semilog  Paper 

Since  we  shall  later  make  much  use  of  the  straight-line  approximatior 
to  heating  curves,  it  will  be  advantageous  to  derive  the  equation  of 
straight  line  on  semilog  paper.  Figure  5.3  shows  a  straight  line  on  sem 
log  paper  drawn  in  the  manner  of  Fig.  5.1c.  Consider  the  triangle  ACj 
with  the  point  P  on  the  given  straight  line  as  arbitrary.  On  this  char 
time  is  the  abscissa  and  the  ordinate  is  the  logarithm  of  the  temperatui 
difference  I  =  7h  —  T.  then  the  coordinates  of 

A  are  (0,  log  I A) 

B  are  (/,  log  I A) 

C  are  (/,  log  I A) 

D  are  [ f ,  log  (IA/ 10)] 

P  are  ( t ,  log  I). 

Note  that  since  the  ordinate  of  A  is  _log  IA  and  the  ordinate  of  D  is  lc 
(I A/ 10),  by  definition  of  /,  /  equals  AC,  for  f  is  that  time  in  which  tl 
temperature  difference  will  decrease  to  one-tenth  of  its  original  valui 
Having  established  the  coordinates,  the  derivation  from  here  on  follow 
the  conventional  derivation  of  the  equation  ol  a  straight  line  as  given  i 

texts  on  analytic  geometry.  ,  Art 

We  make  use  of  the  fact  that  triangle  A  BP  is  similar  to  triangle  .40 

whence  follows 


PB  DC 
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ie  length  of 

PB  is  log  I A  —  log  I  =  log  ~ 
AB  is  t 


lerefore 


D'_ is  loR  -  lo«  TO  =  lo«  (T^TTO)  =  log  10  =  1 
AC  is/ 


thing  antilogarithms, 


log  -f 


t 


1 

/ 


t 

f 


I A  ,  .1 

-j  -  log'1  j  =  1()'// 

/ 

-J-  =  10-"/ 

/  A 


(5.5) 


(5.6) 
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I  =  IaX  10-*"  (57) 

Since  I  =  1\  -  T  and  IA  =  Tx  -  TA  =  j{l\  -  T0) 

T i  =  T  +  j{T i  -  To)  10~"/ 

or  T  =  1\  -  j(l\  -  To)  X  10-'"  (5.g; 

Equation  (5.8)  gives  Us  the  temperature  at  time  t.  From  (5.5)  we  get 

t  =  f  log  If  =  f  log  ~  (5.9, 

Equation  (5.9)  gives  us  the  time  required  to  reach  the  temperature  T. 

HEAT-PENETRATION  EQUIPMENT 

The  equipment  necessary  for  heat-penetration  tests  is  relatively  simpl< 
and  inexpensive.  In  modern  practice,  thermocouples  are  used  almosi 
exclusively  for  temperature  measurements.  A  potentiometer  and  stop 


Fig.  5.4.  Test  can  with  maximum  reg-  Fig.  5.5.  Ordinary  can  with  maximun 
istering  thermometer.  [ NCA  Bull.  16-L  registering  thermometer.  [A  (  -4  w 
(1920).]  !6-L  (1920).] 

watch  complete  the  list  of  essentials  other  than  the  ob\  ions  tetort 
container,  and  food  product. 

Apparatus  for  measuring  heat  penetration  has  undergone  man] 
changes.  Maximum-reading  glass  thermometers,  ordinary  meicuiy  n 
glass  thermometers,  other  expansion-type  thermometers,  chemical  in 
eators  which  permanently  change  color  upon  reaching  a  certain  tempera 
ture,  materials  which  melt  within  the  range  of  processing  temperature 
and  thermocouples  of  various  designs  have  been  used.  The  two  majo 
advances  in  the  art  were  the  change  from  the  use  of  glass  thermome  er 
to  the  use  of  thermocouples  and  improvements  in  thermocouple  equipmen 

and  in  operating  technic  with  this  equipment. 

Kochs  and  Weinhausen  [6]  followed  the  lead  of  Prescott  and  I  nderwoo 
in  using  maximum  registering  thermometers;  while  Bitting  and  Bitting  l- 
adopted  a  thermometer  with  which  the  temperature  could  be  read  coi 
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nuously  during  the  heating  of  the  can.  Magoon  and  Culpepper  [7,8] 
ed  both  the  continuously  indicating  thermometer  and  the  thermocouple. 
While  Bitting  apparently  was  the  first  to  use  the  thermocouple  in  a 
at-penetration  test,*  he  did  not  carry  on  with  this  instrument  because 
was  thought  to  be  too  delicate  for  practical  purposes.  For  several 
>ars,  the  relative  merits  of  the  thermometer  and  the  thermocouple  for 
^at-penetration  tests  were  discussed.  During  this 
n’iod,  the  thermocouple  was  used  very  little, 
hen  Thompson  [9,10]  used  the  thermocouple 
iccessfully  to  establish  experimental  heat-penetra- 
an  curves  to  check  theoretical  calculations  about 
ie  time  the  NCA,  under  the  direction  of  Bigelow 
],  entered  upon  a  heat-penetration  program  that 
is  been  responsible  for  bringing  the  thermocouple 
a  point  of  high  efficiency  and  to  recognition  as  the 
?st  available  instrument  for  heat-penetration 
sts. 

Bigelow  first  used  thermocouples  having  the  two 
re  leads  of  each  couple  sheathed  in  a  tube  made 
lead.  Later,  pressure  rubber  tubing  was  sub- 
ituted  for  the  lead  tubing.  A  special  fitting  was 
ed  to  permit  the  wires  of  a  set  of  thermocouples  to 
iss  through  the  wall  of  a  retort  without  causing 
e  retort  to  leak  when  under  pressure.  The 
ermocouple  junction  within  the  can  was  sup- 
rted  and  held  in  place  by  brass  and  copper  tubing. 


Fig.  5.6.  Ordinary  can 
with  chemical  ther¬ 
mo  meter.  [ACA 
Bull.  16-L  (1920).] 


ith  this  arrangement  of  couples,  a  can  was  filled  and  sealed  and  a 
iffing  box  for  a  thermocouple  was  attached  to  the  can,  usually  by  solder- 
=•  It  was  necessary  to  have  the  can  near  to  the  retort  when  the 
ermocouple  was  inserted  into  the  can  because  the  thermocouple  lead-in 
re  was  attached  to  the  retort. 

In  1923,  one  of  the  authors,  in  the  laboratories  of  the  American  Can 
impany ,  introduced  the  use  of  a  simple  asbestos  covering  for  the  thermo- 
uple  lead-in  wires,  which  permitted  the  wires  to  be  placed  between  the 
01  +C^i61  aiK^  thus  making  it  unnecessary  to  attach  the 

coupie  ais° had  a  spedai  stuffi,'K  b°x  f°r  passi"K 
e  wires  through  the  can  wall. 

This  packing  gland  and  couple  had  only  a  short  period  of  usefulness 

ITsThdru'  T ‘ ly’  r'6  thc,'mo™uple  Performed  well,  but  after  a  few 
ilts  Of  th,  discontinued  because  the  couple  embodied  one  of  the 

J“S  °f  th°  eqU,pment  usec  b-v  the  NCA,  namely,  a  copper  tube  to  sup! 

*  U.s.  Dept.  Agr.  Bur.  Chem.  Bull.  151  (1912). 
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port  the  hot  junction.  This  tube  at  times  permitted  conduction  of  heat 
to  the  hot  junction,  which  resulted  in  erroneously  high  readings.  Because 
of  the  simplicity  of  the  couple’s  construction  and  assembly  for  use,  anc 
because  of  the  fact  that  it  was  the  first  thermocouple  of  which  no  rigic 
part  projected  beyond  the  stuffing  box  on  the  container,  it  is  of  specia 
interest  as  an  example  illustrating  principles  of  thermoelectric  technic 
Therefore,  its  construction  will  be  described  and  illustrated. 

The  thermocouple  consisted  merely  of  the  two  wires — one  copper  anc 
one  constantan — the  latter  being  insulated  over  its  entire  length  ant 


Fig.  5.7.  Thermocouple  with  leads 
sheathed  in  rubber  tubing.  [NCA  Bull. 
16-L  (1920).] 


3/i6 - i n  OD 


brass  tube 


llVin 
iron  pipe 


T op  of 

pressure 

kettle 


Soldered 


Heavy  wall 
rubber  tube 
'/q- in  ID 


ho.  5.8.  Fitting  for  allowing  ther 
nocouple  leads  to  pass  through  wall  o 
etort.  [NCA  Bull.  16-L  (1920).] 


joined  to  the  copper  wire  by  twisting  and  soldering,  the  junction  wa 

made  about  an  inch  from  the  end  of  the  copper  wire. 

The  stuffing  box  was  made  of  a  good  grade  of  brass.  1  he  details  o 
its  construction  are  shown  in  the  longitudinal  cross-sectional  diagram  o 

Fig  5  9a  The  part  marked  D  in  this  diagram  was  a  specially  dcsig 
brass  disk  which  is  shown  in  greater  detail  in  Fig.  5.96.  The  purpose 
the  disk  was  to  support  the  small  copper  tube  (T  Fig.  5.9c)  whic  e 
the  couple  in  its  position  in  the  center  of  the  can.  rh.s  copper  tube  a  h 

had  an  external  diameter  of  0.1  in.  and  an  internal  dmmeter  of  0^08^. 

had  a  driving  fit  in  the  cylindrical  cavity  C,  Fig.  5.96.  1  his  y 

made  with  a  No.  39  drill  (Stub’s  wire  gauge). 

Before  placing  the  disk  with  its  attached  copper  tube  on  the 


ELEMENTS  OF  HEAT  PENETRATION 


203 


>uple,  the  latter  was  passed  through  the  stuffing-box  plug  ( E ,  Fig.  5.9 a) 

.  the  direction  from  top  to  bottom.  The  couple  was  then  passed  through 
Le  elongated  hole  II  (Fig.  5.9 b),  and  the  copper  wire,  at  its  junction  with 
^e  constantan  wire,  was  bent  through  an  angle  of  180  deg.  The  end  of 
le  copper  wire  was  then  hooked  into  the  copper  tube  as  shown  in  Fig.  5.9 c, 
pd  the  wires  were  drawn  back  through  the  disk  just  sufficiently  to  remove 
ie  slack. 


Square  head  3/8-inhigh, 
n/32-in  square 


3/8-in  pipe  threads 
(18  threads) 


Packing 


the  first  thermo«ouPle.  havi,'S  110  rigid  '^ttoiproSung  bTyomUho buffing  botl 

*?e  , 1Sk  °!  packi,‘*  s  was  next  placed  on  the  wires.  This  packing  was 
>de  of  rainbow  gasketing  and  was  at  least  %  in.  thick.  It  was  prepared 

,  constaiitan  tfrf  “T"? i"1-0*  ‘'e'lter-  large  eno,,gh  to  ™eive 
constantan  wire  enclosed  in  its  insulating  rubber  tube.  Then  in 

,i-  - 

•> 
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The  stuffing  box  was  soldered  to  the  can,  and  the  hole  through  which 
the  couple  was  to  be  inserted  wfas  made  by  puncturing  the  can  with  a  large 
nail  or  a  similar  device.  After  the  couple  had  been  placed  in  the  can,  the 
stuffing-box  plug  was  turned  tightly  enough  to  make  a  seal. 

In  order  to  prevent  the  packing  from  turning  on  the  disk  when  the  plug 
wras  tightened  or  loosened,  the  disk  was  provided  with  a  small  pin  p 


P 

I - 1 


(Fig  5.96),  which  protruded  above  its  upper  surface  about  3f34  in.  As< 
further  precaution,  the  amount  of  bearing  surface  between  the  disk  am 
its  seat  in  the  stuffing  box  was  reduced  until  it  consisted  only  of  a  narro 
circular  track  upon  which  the  disk  could  revolve  easily  in  case  the  pacm 

should  turn  with  the  plug.  „n<,sibli 

When  certain  types  of  closing  machines  were  available,  it  was  possi 

to  seal  a  can  after  a  thermocouple  of  this  type  had  been  mstalle  m 
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The  advantage  was  gained,  therefore,  of  being  able  to  secure  a 
lermocouple  in  place  in  an  empty  can,  then  fill  and  seal  the  can  and  take 
to  the  retort  for  the  heat-penetration  test. 

The  use  of  a  bakelite  stem  for  the  thermocouple  is  perhaps  due  to  Ford 
id  Osborne  [5],  of  the  Glass  Container  Association,  who  described  its 
Instruction  and  compared  its  performance  with  the 
etal  stem  thermocouples  previously  used.  Because 
le  rigid  stem  of  such  a  thermocouple  usually  projects 
considerable  distance  from  the  can,  sealing  the  can 
mtaining  a  thermocouple  is  impossible  in  high-speed 
Dsing  machines. 

A  connector-type  thermocouple,  so  called  because 
e  lead-in  wire  is  detachable  from  the  thermocouple, 
is  developed  several  years  ago  by  Benjamin  and  his 
workers  (Fig.  5.10).  A  test  can,  containing  a  ther- 
ocouple  of  this  type,  can  be  sealed  by  high-speed 
ising  equipment.  The  lead-in  wires,  being  detach- 
le  from  the  thermocouples,  are  usually  joined  into  a 
ble,  and  with  this  cable,  the  packing  gland  for  pass- 
?  the  lead-in  wires  through  the  retort  body  has  come 
ck  into  use.  This  thermocouple  and  connector  are 
own  in  Figs.  5.11,  5.12,  and  5.13. 

The  construction  and  assembly  of  the  connector  is 
ov  n  in  Fig.  5.11.  It  should  be  mentioned  here  that 
3  lead  cable  in  the  drawing  does  not  refer  to  Pb,  but 
the  function  “lead”  (lede).  Figure  5.12  is  a  photo- 
iph  of  the  new-style  connector-type  thermocouple 
d  the  old-style  continuous-wire  couple.  The  latter 
3  the  disadvantage  of  a  long,  fragile  bakelite  stem 
ich  makes  the  task  of  seaming  the  can  difficult  with 
>st  closing  machines  and  impossible  with  others, 
th  the  connector-type  couple,  only  a  short  section  of 
;  stuffing  box  projects  outside  of  the  can  or  jar,  as 
n  in  Fig.  5.13,  and  makes  the  seaming  operation 
nparatively  simple.  A  further  improved  design  of 
ffing  box  has  a  still  shorter  projection  than  that 
)wn  in  Fig.  5.13  [3],  The  lead-in  wires  are  preferably 
a  waterproof  type. 

Bcklund  [4]  describes  the  thermocouple  as  follows: 


Fig.  5.9c.  Longi¬ 
tudinal  cross-sec¬ 
tional  diagram  of 
the  insert  assembly 
for  the  packing 
gland  shown  in 
Fig.  5.9a,  consist¬ 
ing  of  the  ther¬ 
mocouple  and  its 
supporting  parts  I) 
and  T  and  gasket 
S. 
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the  can  on  commercial  closing  equipment.  The  thermocouples  are  made  in  vari-i 
ous  lengths  to  fit  various  can  diameters,  or  a  long  thermocouple,  by  use  of  a  pack-: 
ing  gland,  may  be  used  as  an  adjustable  length  thermocouple.  However,  whew 
long  thermocouples  with  packing  glands  are  used,  special  care  in  filling  and  closing., 
the  container  is  necessary.  .  .  .  The  essential  units  are: 

1.  Thermocouples  and  receptacles? 


for  holding  the  thermocouples  in  the 
cans. 

2.  Heat  penetration  cable  consisting 
of  lead  wires  fitted  at  one  end  with  con 
nectors  for  attaching  to  thermocoupless 
the  other  ends  being  attached  to  i 
selector  switch.  A  packing  gland  is 
located  in  the  middle  of  the  cable  tc 
seal  the  wires  through  the  retort  walll 

3.  A  potentiometer  for  indicating  the 
temperatures  obtained. 


Fig.  5.10.  Improved  bakelite  thermo¬ 
couple  in  place  in  cutaway  can.  ( Canned 
Foods  Reference  Manual,  American  Can 
Co.) 


Tests  have  established  the  relia: 
bility  of  these  thermocouples  fo 
accuracy  under  the  usual  conditions 
Under  some  conditions  of  use 
there  is  indication  that  direct  cow 
tact  of  the  metal  thermocouple  lead-in  wires  and  parts  with  water  in  a  retor 
introduces  inaccuracies  in  temperature-measurement  results.  To  guar, 
against  this  possibility,  a  thermocouple  and  connector  were  designed  b: 
one  of  the  authors  and  his  coworkers.  It  is  shown  in  a  cross-sectiona 
drawing  in  Fig.  5.14.  Even  though  the  device  has  never  been  used,  it 


Bakelite 
rod- 


Brass  hex  stock 


Brass  round  stock 


Cement 


HB  Jones  302  plug  and  socket 
with  copper  and  constantan  contacts 


I  inch 


Fig 


.5.11.  Connector  for  thermocouple  used  in  heat-penetration  tests. 


design  may  serve  to  suggest  to  some  worker  a  means  of  overcoming  troub 
caused  by  exposure  of  Thermocouple  lead-in  wires  to  a  liquid  medium^ 
includes  a  connector  box  consisting  of  several  sections  which  a 
to  one  another  by  screw  threads  in  joints  which  are  sea  by 
rubber  gaskets  to  prevent  steam  or  liquid  from  gaining  access 
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[G.  5.12.  Bakelite-stem  thermocouples  Fig.  5.13.  Thermocouple  with  connector, 
led  in  heat  penetration  tests — old  and  installed  in  can. 
fcw  styles. 


Can  wall 


[G-  51 4-  Thermocouple  and  connector  in  which  the  i 
3m  steam  or  water. 


C'Vd  Brass 
E5Z3  Copper 

Constantan 
'(///l  Plastic 
L. ;  ■  1  Gasket 
Y//A  Tinplate 
1  1  Metal 

interior  of  connector  is  protected 


208 


STERILIZATION  IN  FOOD  TECHNOLOGY 


contact  parts  within  the  connector  box.  The  design  has  the  additional 
advantage  of  preventing  detachment  of  contacts  when  containers  in  motior: 
are  being  tested. 

HEAT-PENETRATION  TESTS 


Among  the  earliest  published  works  on  heat  penetration  in  canned  food* 
are  two  papers  which  should  be  mentioned,  both  appearing  in  1919 
Bovie  and  Bronfenbrenner  [3]  describe  a  method  of  arranging  multipl( 
thermocouples  in  a  can  to  measure  the  temperatures  at  various  points 
They  also  describe  a  special  multipoint  switch.  Although  the  arrange 
ment  is  ingenious  and  workable,  it  never  became  popular,  perhaps  becaust 
the  single  bakelite-stem  thermocouple  proved  more  versatile  in  practici 
than  the  thermocouple  they  described.  These  authors  were  also  perhap: 
the  first  to  use  the  retort  junction  for  the  “cold”  junction,  thus  obtaining 
directly  the  difference  between  retort  temperature  and  can  temperature 
This  idea  likewise  was  not  followed  in  later  practice.  It  is  difficult  t< 
explain  just  why  this  is  so,  although  practical  experience  has  shown  tha 
little  is  to  be  gained  by  this  procedure;  in  fact,  it  might  produce  a  reduc 
tion  in  accuracy  at  the  critical  stage  in  which  the  measured  temperaturi 
is  only  slightly  lower  than  the  retort  temperature,  because  the  thermo 
electric  voltage  would  be  very  low.  The  idea  should,  however,  be  kep 
in  mind,  for  there  are  certain  instances  when  it  might  be  advantageous 
George  E.  Thompson  [9],  in  his  pioneering  work  on  heat  penetration,  alsi 
used  thermocouples.  Both  papers  are  well  worth  reading  to  gain  a  bette 

historical  concept  of  heat  penetration. 

As  in  nearly  every  other  line  of  experimental  investigation,  simple  pro 
cedures  can  be  so  refined  as  to  make  them  constitute  an  independen 


science  or  art.  Such  is  the  case  with  heat-penetration  tests. 

Unfortunately,  we  cannot  go  into  great  detail  on  this  subject,  since  th 
many  refinements  and  technics  usually  take  on  a  local  aspect,  valid  o 
useful  only  under  a  special  set  of  circumstances. 

Heat-penetration  tests  are  made  while  the  container  of  food  is  bein; 
processed  either  in  water  or  in  steam.  A  small  retort  is  advantageou 
for  experimental  purposes  since  it  does  not  require  the  long  come-up  tim 
common  to  the  large  standard  retort.  The  retort  should  be  equippc 
with  an  effective  temperature  controller,  preferably  of  the  air-opera  e 
type.  Pressure  controllers  may  be  used  for  this  purpose,  but  they  posses 
the  minor  disadvantage  of  being  directly  applicable  to  temperature  cor 
trol  only  when  the  retort  atmosphere  surrounding  the  test  containers 
pure  saturated  steam,  since  the  presence  of  air  causes  marked  changes  . 
the  pressure-temperature  relationship.  This,  however,  is  not  a  seno 
limitation  on  the  use  of  a  pressure  controller,  inasmuch  as  the  re  or 
ator  making  a  heat-penetration  test  should  be  a  capable  technician  qua 
fied  to  operate  a  retort  properly.  A  pressure  controller  has  ■  t 
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dvantage  in  that  its  action  is  faster  than  the  action  of  the  temperature 
mtroller. 

A  recording  thermometer  is  highly  desirable,  though  not  necessary, 
n  indicating  thermometer  and  a  pressure  gauge  are  essential  to  proper 
itort  operation.  The  retort  should  also  be  equipped  for  pressure  cooling. 
The  thermocouples  may  be  made  of  any  materials  suitable  for  the  tem- 
erature  range  40  to  325°F.  Copper-constantan  has  been  found  satis- 
ictory  for  this  purpose.  Fragile,  fine  wire  is  desirable  because  heavy 
ire  tends  to  conduct  heat  to  the  hot  junction,  causing  erroneous  readings, 
he  optimum  size  for  the  hot  junction  is  from  20  to  26  gauge,  with  a 
reference  for  No.  26.  The  hot  junction  is  made  by  encasing  the  wires 
i  a  bakelite  rod  and  either  soldering  or  spot  welding  the  junction.  Thet 
ires  extending  from  the  other  end  are  joined  to  heavier-gauge  wires, 
he  manner  of  doing  this  varies  considerably,  depending  largely  on  the 
'oposed  method  of  sealing  the  container. 

Test  cans  are  prepared  by  first  puncturing  a  hole  in  the  can  wall  for 
ie  stuffing  box  and  then  securing  the  thermocouple  assembly  to  the  can. 
or  a  glass  jar,  the  jar  cover  is  punctured  in  the  center  to  receive  the 
lermocouple  assembly.  The  location  of  the  thermocouple  tip  will 
ipend  on  the  type  of  test  being  made.  Usually  it  is  desired  to  have  the 
o  at  the  slowest  heating  point  of  the  container. 

The  potentiometer  is  best  calibrated  directly  in  degrees  Fahrenheit, 
portable  type  is  preferred,  not  only  for  ease  in  handling  but  also  for 
eed  in  taking  readings.  A  precision-type  instrument  is  not  recom- 
ended  because  of  the  time  required  to  take  a  reading.  An  external 
Id  junction,  using  cracked  ice  in  a  dewar  flask,  may  be  used,  but  for 
nvenience  in  the  field,  an  automatic  compensator  is  strongly  reoom- 

ended,  provided  the  precautions  necessary  to  ensure  satisfactory 
•eration  are  observed. 

Heat-penetration  tests  are  usually  made  with  four  to  ten  containers 
ider  test.  More  than  ten  containers  are  not  recommended  since  the 
al  elapsed  time  between  temperature  readings  on  any  one  container 
ie  oo  great  The  number  of  containers  that  can  be  tested  simul- 
eously  depcM^ds  upon  the  heating  characteristics  of  the  product  being 

*  ih  f1  ' UPld  7  heatlng  Products,  it  is  sometimes  desirable  to  test  no 
than  four  containers,  in  order  to  have  readings  of  sufficient  frequency 

""he  thermocouple  Xs  Z  broughf^  of  the  retort  by 

ueeze  the  lead-in  Jtes  of  ‘S  ’? U  Uckm«  ™<=h  «»«»*»,  one  may 

"  . - ■ <■*  r-irs  Tzis  :z‘ 
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\\  ith  a  small  amount  of  extra  packing  material,  such  as  cotton  cloth,  the 
wires  are  extended  from  inside  to  outside  of  the  retort  across  the  packing 
contact  surface.  (See  Figs.  5. 1 5 a  and  5. 1 6.)  The  leads  are  connected  to 
the  multipoint  switch,  and  the  proper  switch,  cold  junction,  and  potenti¬ 
ometer  connections  are  made. 

Everything  being  in  order  for  the  beginning  of  the  run,  the  initial  tem¬ 
perature  is  read  on  each  thermocouple  and  recorded.  Steam  is  then 


Fig.  5.15a.  Filled  cans  with  thermocouple  leads  passing  out  of  retort  adjacent  to  pack- 
ng  of  a  capped  opening  in  retort  door.  ( Canned  Foods  Reference  Manual,  Am 

'Jan  Co.) 


admitted  to  the  retort  and  timing  is  begun.  Readings  should  be  begui 
as  soon  as  the  retort  begins  to  heat,  the  thermocouples,  including  tn 
retort  couple,  being  read  in  rotation.  With  two  retort  couples,  the  o 
number  of  couples  should  be  such  that  a  complete  cycle  of  reading 
possible  every  2  or  3  min  during  the  early  part  of  the  run.  We  i 
not  this  frequency  is  desirable  during  the  entire  run  depends  on  e 

characteristics  of  the  product  being  tested.  ^prature 

The  time  consumed  in  bringing  the  retort  to  the  processing  e  p 
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may  depend  on  a  number  of  circumstances,  but  should,  generally,  be 
short  and  should  be  constant  for  all  runs  in  a  scries  unless  the  effect  of 
variation  in  come-up  is  being  studied. 

Generally  speaking,  two  types  of  heat-penetration  tests  are  made.  In 
one  type,  the  containers  are  heated  for  a  definite  period  of  time  corre¬ 
sponding  to  the  length  of  a  commercial  or  experimental  process,  and  then 


l  i(>.  5.156.  Filled  cans  with  thermocouple  leads  passing  out  of  retort  through  stuffi 


ook-d.  1  his  type  of  test  allows  direct  measurement  of  the  lethal  value 
K  the  given  process  by  integration  of  the  lethal  rates  along  the  heating 
d  coding  curves.  In  the  second  type  of  test,  the  heating  is  continued 

femperalur PeThe  H  f  ^  COn‘alners  very  near|y  a«ains  the  processing 

— ss  -  r:  “ 
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the  retort.  Time  and  temperature  readings  during  cooling  are  just  as 
important  as  those  during  heating,  and  readings  should  be  continued  at 
least  until  the  container  temperatures  recede  to  180°F.  Below  this  point 
the  lethal  rate,  in  products  of  low-acid  type,  is  negligible. 

After  processing  and  thorough  cooling,  the  test  containers  should  be 
tested  for  vacuum  with  a  puncture-type  vacuum  gauge,  then  should  be 
opened,  and  the  condition  of  the  contents,  the  net  and  drained  weights, 


Fig.  5.10.  Heat-penetration  run  in  progress.  Temperature  readings  inside  each  can 
are  being  measured.  ( Vanned  Foods  Reference  Manual,  American  Can  Co.) 

and  the  location  of  each  thermocouple  tip  should  be  checked.  In  case  any 
container  shows  abnormalities  which  might  have  affected  the  measure¬ 
ment  of  its  heating  rate,  the  data  for  that  container  should  be  either 
discarded  or  recorded  as  possibly  having  been  affected  by  the  factor  which 
is  described. 

The  time  and  temperature  readings,  together  with  steam-up,  steam-ott, 
and  water-oli  times,  and  the  initial  and  processing  temperatures  consti 
tute  the  heat-penetration  data  for  the  product  and  the  container  size 
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tested.  These  data  plotted  on  coordinate  paper  give  a  graphical  repre¬ 
sentation  of  the  heating  of  the  product  under  the  conditions  tested.  If 
the  data  are  plotted  on  semilogarithmic  paper,  the  resulting  curves  can 
he  analyzed  and  used  for  process  calculations  according  to  the  methods 
described  in  Chaps.  14  and  15. 

Taylor  Can  Temperature-testing  Machine 

The  Taylor  temperature  testing  device,  invented  by  H.  A.  Benjamin, 
is  frequently  used  to  determine  the 
temperature  inside  of  a  can  receiv¬ 
ing  a  boiling-water  cook.  Proces¬ 
sing  problems  in  this  case  are  not 
so  difficult  as  when  pressure  cooks 
are  used.  Ordinarily,  only  the 
maximum  temperature  at  the  center 
af  the  can  is  regarded  as  the  crite¬ 
rion  for  adequate  sterilization,  and 
die  Benjamin  device,  shown  in 
Fig.  5.17,  greatly  facilitates  its 
neasurement. 

Essentially,  the  apparatus  pierces 
he  can,  at  the  same  time  maintain- 
ng  pressure-tight  conditions  by 
neans  of  a  rubber  gasket.  After 
he  can  is  pierced,  a  thermometer  is 
owered  into  the  can  through  a 
duffing  box  in  contact  with  the  can 
urfaces  surrounding  the  pierced 
joint  and  a  reading  is  taken. 

<  ull  directions  for  its  use  are  supplied  by  the  manufacturer.  Although 
his  device  is  intended  for  use  primarily  with  boiling-water  processing 

t  can  be  used  under  proper  circumstances  on  cans  removed  from  nres- 
ure  processes.  * 


Fig.  5.17.  Can-temperature  testing  ma¬ 
chine.  ( 7  aylor  Instrument  Companies.) 


OUMMAKT 


The  description  in  Chap.  5  of  the  manner  in  which  heat-penetration 
MMurements  are  made  and  of  the  manner  in  which  the  data  are  recorded 
aph ic  ily for  use  serves  as  an  introduction  to  the  second  of  the  two  main 
^aed— -that  l.,??metric  ™lues  »"  whi*h  calculation  procedures  are 

- T:r  rt The 

lethal  agent.  1  he  next  four  chapters  will  complete  the 
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piesentdtion  ot  the  subject  of  heat  treatment  of  the  food  material  or  other 
substrate. 

SYMBOLS 

/  Symbol  used  to  represent  slope  of  heating  curve. 

/ 1  /  value  for  first  asymptote  of  heating  curve. 

fi  f  value  for  second  asymptote  of  heating  curve. 

I  a  (  =  T  i  —  T  a)  Difference  in  degrees  between  retort  temperature  and  tem¬ 

perature  of  origin  of  heating-curve  asymptote. 

(=  Ti  —  Tp)  Difference  in  degrees  between  retort  temperature  and  tem¬ 
perature  indicated  by  intersection  of  first  and  second  asymptotes  of  heating 
curve. 

Io  (=  Ti  —  To)  Difference  in  degrees  between  retort  temperature  and  initial 
temperature. 

j  Lag  factor  (=  IA/Io). 

T  Measured  temperature  in  container  at  time  t. 

T a  Ordinate  value  of  origin  of  first  asymptote  of  heating  curve. 

Tp  Temperature  at  which  a  break  in  heating  curve  occurs. 

To  Initial  temperature. 

T\  Retort  temperature. 

t  Time  in  minutes  reckoned  from  beginning  of  a  process. 

tp  Time  at  which  break  in  heating  curve  occurs. 

u  (T i  —  T)/(T i  —  To)  Unit  of  ordinate  scale  of  a  generalized  heat-penetration 

curve. 
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CHAPTER  6 


MATHEMATICS  OF  CONDUCTION  HEATING 


INTRODUCTION 

The  theory  of  conduction  heating  may  be  said  to  have  begun  with  the 
publication  of  Fourier’s  classic,  “Theorie  analytique  de  la  chaleur,”  in 
1822.  There  followed  immediately  a  period  of  rapid  development  by  such 
masters  as  Laplace,  Poisson,  Green,  Lame,  Liouville,  and  many  others, 
all  of  whom  seemed  more  interested  in  exploiting  the  new  mathematical 
technics  than  in  solving  practical  problems.  It  is  remarkable  that  the 
theory  of  conduction  heating  to  this  day  serves  as  a  most  convenient 
vehicle  for  the  introduction  and  development  of  such  powerful  modern 
technics  as  operational  calculus  and  Fourier  transforms. 

Without  doubt,  this  chapter  and  Chap.  7  are  the  most  difficult  mathe¬ 
matically  in  this  book.  \\  hile  they  are  necessary  for  a  complete  under¬ 
standing  of  the  basic  principles  of  process  evaluation,  they  are  independent 
chapters  and  may  be  neglected  by  the  reader  without  impairing  the  use¬ 
fulness  to  him  of  the  rest  of  the  book.  The  subject  is  so  comprehensive 
that  it  would  be  most  unrealistic  to  attempt  to  give  it  rudimentary  cov¬ 
erage  here.  1  herefore,  the  reader  will  facilitate  his  understanding  of  the 
mathematics  of  this  chapter  by  first  becoming  familiar  with  the  material 
covered  in  the  excellent  introductory  text  “Heat  Conduction  ”  by  Inger- 
iol ,  Zobel  and  Ingersoll.  Professor  Ingersoll  has  included  many  tables 
rnd  formulas  developed  by  Olson  and  Schultz  in  the  revised  edition  and 
has  kindly  retained  most  of  the  notation.  These  tables  are  not  repro- 
luced  in  this  book  since  this  chapter  takes  up  the  subject  from  where 

gersoll  leaves  off  While  there  are  good  advanced  texts  on  the  subject 
,uch  as  Garslaw’s  Introduction  to  the  Mathematical  Theory  of  the  Com 
uction  of  Heat  in  Solids”  and  Carslaw  and  .laeger’s  monumental  work 
these  either  are  difficult  to  follow  or  develop  the  subject  along  lines  not 
_  si  y  applicable  to  the  problems  arising  in  thermal  processing  The  par 
ticular  purpose  of  this  chapter  is  to  show  a  direct  relationship  l.eiu  ' 
these  problems  and  the  mathematics  of  conduction  helting  W'‘ 
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CANONICAL  TEMPERATURE  SCALE 

In  the  mathematical  theory  of  heat  conduction,  it  is  often  convenient 
to  use  a  “theoretical,”  or  better  described,  “canonical”*  temperature 
scale.  A  temperature  designation  u  on  such  a  scale  is  defined  by  Eq.  (6.1). 

Ti-  T 

U  =  7p - Tp  (6-1) 

l  l  —  1  o 

where  7\  =  temperature  of  heating  medium 
T0  =  initial  temperature  of  object 
T  =  temperature  at  some  point  in  object  being  heated 
This  scale  is  most  useful  when  is  constant  and  To  is  uniform  throughout 
the  object.  When  these  conditions  are  not  fulfilled,  careful  consideration 
must  be  given  to  the  question  of  whether  or  not  the  scale  has  any  useful 
value.  The  temperatures  T,  T0,  and  7\  are  practical  temperatures,  as 
Fahrenheit,  centigrade,  Rankin,  etc.  Note  that  (6.1)  merely  defines  a 
new  temperature  scale  where  the  new  initial  temperature  Uo  is  always 
equal  to  unity  and  the  heating  temperature  U\  is  always  equal  to  zero. 
Thus  the  canonical  temperature  (if  the  initial  temperature  distribution 
is  uniform)  always  has  a  value  between  0  and  1.  An  important  feature 
of  the  new  scale  is  that  once  the  mathematical  work  has  been  done,  (6.1) 
may  be  used  to  transform  backward  to  find  T  for  any  given  values  of  T 0 
and  Ti. 

It  should  be  observed  that  temperature  scales  are  notoriously  arbitrary. 
For  instance,  the  Fahrenheit  scale  uses  32°F  for  the  melting  point  of  ice 
and  212°  for  the  boiling  point  of  water.  The  centigrade  scale,  on  the 
other  hand,  uses  0  and  100°,  respectively.  But  the  melting  point  of  ice 
is  492°  Rankin  and  273°  Kelvin.  It  is  easy  to  see  that  the  temperature 
scale  used  for  any  particular  purpose  is  chosen  mostly  on  the  basis  of 
convenience.  In  our  work  we  find  it  convenient  to  use  a  scale  having 
zero  for  the  heating  temperattire  and  unity  for  the  initial  tempei  attire, 
since  the  boundary  and  initial  conditions  will  thereby  assume  simpler 
forms.  Furthermore,  the  mathematics  will  be  the  same  whether  we  are 
considering  heating  or  cooling. 


Examples 

1.  Ti  =  100°C,  T0  =  0°C,  T  =  40 °C.  Find  u. 


Solution 


Ti  —  T  100  -  40  60  =  Q  6 

Ti  -  To  ’  100  -  0  100 


*  Canonical  here  means  “broadly  applicable.”  In 
there  are  no  limitations  as  to  range  or  magnitude  of 
mathematically  by  Eq.  (6.1).  See  also  Chap.  5 


a  canonical  temperature  scale, 
a  scale  division.  It  is  defined 
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2.  Ti  =  180°F,  To  =  20°F,  u  =  0.25.  Find  T. 

Solution 

or  _  180  -  T  _  180  -  T 
°  180  -  20  160 

40  =  180  —  T 
T  =  140°F 

3.  A  slab  has  a  temperature  of  50°F  throughout  and  is  suddenly  immersed  in 
boiling  water  at  212°F.  Therefore  To  =  50  and  7\  =  212.  Since 

Tx  —  T 

^  m  m 

T  l  —  i  o 

we  have  in  this  instance 

_  212  -  T  _  212  -  T 
U  ~  212  -  50  162 


[f  the  slab  is  initially  at  50°F,  we  have 

T  t  rex  1  212  -  50 

I  =  10  =  50  and  u0  =  — -  - —  =  1 

1  oz 

is  the  initial  condition. 

At  the  surfaces,  T  =  212.  Therefore 


it  the  boundaries. 


212  -  212  . 
=  162  “  ° 


THE  INFINITE  SLAB 


Aii  infinite  slab  is  a  slab  having  two  infinite  dimensions  and  one 
limension,  thickness,  of  finite  magnitude. 

This  object  is  considered  first  because,  having  only  one  finite  dimen- 
i°n,  ^  senes  as  a  medium  lor  the  simplest  possible  approach  to  the 
levelopment  of  the  mathematics  of  conduction  heating. 


-ase  1.  Surfaces  at  Zero  Temperature  (Infinite  Surface  Conductivity) 

f  the  slab  is  of  uniform  thickness  l  and  of  uniform  thermal  diffusivity  a 

he  temperature  at  time  t  at  a  point  of  distance  x  from  the  surface  x  =  0 
3  given  by 


u 


—  in~Tv~at 


sin 


mirx 

~J~ 


/(X)  sin 


W7rX 


d\ 


(6.2) 


rhere  /(X)  is  the  initial  temperature  distribution  If  f(\) 
emperature  is  ' 


u  = 


4 


Zy  2  n  +  1 


(2 n  -f-  l)7ra: 

~l - exp 


_ (2tl  +  \)2ir2at 

nr 


-et 


1 ,  the 

(6.3) 

(6.4) 


7T 
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Note  that  the  Fourier  modulus  0  is  dimensionless  since  the  dimensions  of 
a  aie  LI  1  (sq  cm/sec,  sq  in. /min,  etc.).  If  we  are  interested  only  in 
the  temperature  at  the  center  of  the  slab,  we  set  x  =  1/ 2  in  (6.3)  and  get 


u  = 


oo 

l 


7r  u  ^TFTexP  [-(2m  +  DV9] 

m  =  0 


(6.5) 


1  his  function  is  of  such  importance  it  has  been  given  a  special  notation, 
S(0),  and  has  been  tabulated  [Table  G.l  in  Ingersoll  (5)]  for  values  of 
0  between  0  and  1 .  It  can  also  be  written 


*S'(0)  =  -  (  e-'20  -  i  e-9*20  +  -  e-2^20 

7T  \  3  5 

Case  2.  Finite  Surface  Resistance — Heating  Medium  at 

Zero  Temperature 

This  important  case  is  considerably  more  complicated  than  the  previous 
one  because  the  surface  temperature  cannot  be  simply  expressed.  The 
boundary  conditions  for  case  1  were 

u  —  0  at  x  =  0 
u  =  0  at  x  =  l 

Such  conditions  occur  when  the  resistance  to  the  transfer  of  heat  at  the 
surface  is  negligible,  as  when  an  object  of  low  thermal  conductivity  is 
heated  by  steam.  The  steam  condensing  on  the  surface  will  maintain 
the  surface  at  practically  the  temperature  of  the  condensing  steam.  But 
here  we  are  presented  with  the  necessity  of  deciding  whether  or  not  “prac¬ 
tically  the  same”  is  as  good  as  “the  same.”  For  many  purposes  it  will 
be  as  good,  but  in  the  next  chapter  we  will  have  occasion  to  study  exam¬ 
ples  where  practically  the  same  and  the  same  yield  widely  different  results. 
For  this  reason  also,  case  2  will  be  discussed  in  more  detail  than  case  1. 

The  derivation  given  by  Carslaw  for  an  arbitrary  initial  temperature 
distribution  [section  36,  p.  74]*  is  somewhat  difficult  to  follow.  We 
shall,  therefore,  derive  the  solution  for  a  uniform  initial  temperature  in 
considerable  detail. 

Consider  a  unit  area  of  the  surface  and  assume  the  coefficient  of  heat 
transmission  is  h  Btu/(hr)(sq  ft)(°F).  Let  the  surface  temperature  of  the 
heating  medium  be  Tx.  Then  the  heat  expressed  as  Btu/hr  transmitted 

*  Throughout  Chaps.  6  and  7,  references  to  Carslaw  will  be  given  in  square  brackets, 
with  symbols  referring  to  numbered  equations  given  within  parentheses.  Thus 
[(6),  p.  75]  refers  to  Eq.  (6)  on  page  75  of  Carslaw,  [2,  p.  75]  refers  to  the  second 

equation  from  the  top  of  page  75  of  Carslaw. 


MATHEMATICS  OF  CONDUCTION  HEATING 


219 


across  the  unit  area  will  be 

Q  =  h(T i  -  Ts )  (6.7) 

If  the  thermal  conductivity  of  the  material  is  k  Btu/(hr)(sq  ft)(°F/ft), 
the  heat  transmitted  across  a  unit  area  will  be  the  product  of  k  and  the 
temperature  gradient  across  the  surface.  If  T  is  the  temperature  of  the 
surface  and  x  is  a  direction  normal  to  the  surface,  the  temperature  gra- 
lient  is  dT/dx.  Since,  in  our  case,  the  temperature  varies  with  the 
time  t,  as  well  as  with  x,  we  write  dT/dx  instead  of  the  total  derivative. 
[Therefore,  at  the  boundary  surface, 

Q  =  k  ^  Btu/hr  (6.8) 


vhere  dT/dx  is  evaluated  at  the  boundary. 

Equating  (6.7)  and  (6.8)  we  obtain  a  differential  equation  expressing  the 
:onditions  at  the  boundary: 


k 


dT 

dx 


h(T1  -  Ts ) 


(6.9) 


r°r  our  case  we  take  the  thickness  of  the  slab  to  be  2a*  and  set 

du  h 

n  „  7*  ^  a  t  x  — -  a 

t  h  (6.10) 

dx  kU  at  x  ~  +a 

here  the  difference  in  sign  occurs  because  the  direction  of  heat  flow  at 
=  -a  is  opposite  that  at  x  =  -fa. 

The  heat  conduction  equation  is 


a 


dx 2  dt 


(6.11) 


)  Which  must  be  added  (6. 10)  and  the  initial  condition  „  =  |  when  t  =  0 
i  e  noi\  seek  an  expression  satisfying  all  these  conditions 
i  he  expression 

u  =  A  exp  (  —  \~at)  cos  \x  (q  j2) 

■tleS-a  a,!d  J=°  TiSlCsl0)’  ^  "lfferentlate  (612)  and  -mate  it 

du 
dx 

t  =  ^  exP  (  —  \-at)  cos  Xa 

Thi  is  „  to  thc  mathemat  B  u  ins(ructivc  (o  work  (his 

th  the  conditions  —  h 

dx  k  u  at  x  -  0  and  —  =  _  "  u  at  x  =  L 


dX  exp  (  — X2«/)  sin  Xa 
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and  from  (6.10)  we  have 

k\  sin  \  =  h  cos  Xa 

or  cot  Xa  =  y  X 

h 


The  first  three  roots  of  this  equation  are  given  in  Table  6.1.  The  same 
equation  is  obtained  at  x  —  —a.  Now  if  X  is  so  chosen  as  to  satisfy  (6.13), 
it  is  a  root  of  that  equation,  and  then  also,  (6.12)  will  satisfy  (6.10)  and 
(6.11).  However,  (6.13)  has  an  infinite  number  of  roots.  Let  X„  denote 
the  nth  positive  root.  Then  the  infinite  series 


u  =  /  An  exp  (  —  \„2cd)  cos  \nx  (6.14) 

L-t 

n  =  1 

where  An  is  the  constant  coefficient  of  the  nth  term,  will  likewise  satisfy 
(6.10)  and  (6.11). 

We  must  now  determine  the  value  of  An  to  meet  the  requirement  that 
u  =  1  when  t  —  0.  In  that  case  (6.14)  becomes 


1  =  2^  An  COS  \nX 


(6.15) 


71=  l 


To  evaluate  An,  we  borrow  a  trick  from  the  theory  of  orthogonal  functions 
and  make  use  of  the  relations 


J  1  cos  \mx  cos  \nx  dx  =  0 


(6.16) 


when  m  ^  n,  and 


1 


cos2  X nx  dx  =  —  (X„a  +  sin  X„a  cos  Xna) 
Xn 


(6.17) 


when  m  =  n.  Consider  a  fixed  value  of  m  and  multiply  each  side  of  (6. 15) 
by  cos  \mx  and  then  integrate  from  —a  to  a,  getting  (6.18). 


co 

Ja  cos  \mx  dx  =  J_a  V  An  cos  \mx  cos  X„.r  dx 

71=1 

oo 

=  V  An  f“a  cos  \mx  cos  X„.r  dx  (6.18) 


71  =  1 


Evaluating  the  integrals,  we  have  by  virtue  ot  (6.16)  and  (6.17), 


or 


2  sin  Xma  _  Am  _j_  gin  cos  xma) 
Xm<x  Xm 

2  sin  \ma 

Am  — 


\ma  +  sin  X„,a  cos  X„,a 


(6.19) 
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Therefore  (6.14)  may  be  written 

00 

V'  sin  A„a  cos  \nx  .  .  „  A  . 

2  >  r - T  '•  \ - x — exp  (  —  \n2at)  (6.20) 

/  /  A  na  -f  sin  A na  cos  A na 

n=  1 

Vt  the  center  of  the  slai),  cos  \nx  =  1 ,  and  the  temperature  is 


u  = 


u 


oo 

=  27x- 

A  rid 

n  —  1 


sin  \na 


-f  sin  A„a  cos  A„a 


exp  (  —  \n2at) 


(6.21) 


It  is  obvious  that  case  2  is  far  more  difficult  than  case  1,  not  only  in 
ts  mathematics  but  also  in  the  physical  concepts  involved.  Since  the 
wo  cases  differ  only  in  that,  in  the  first,  h  is  infinite  and,  in  the  other,  h 
finite,  it  is  of  interest  to  see  if  (6.21)  reduces  to  (6.5)  when  h  increases 
without  bound.  This  may  be  proved  readily,  but  if  the  reader  under¬ 
akes  to  do  this,  he  should  remember  that  in  case  1  the  coordinates  of  the 
lab  are  all  positive  and  run  from  0  to  /,  whereas  in  case  2,  we  found  it 
lathematically  expedient  to  take  the  coordinates  from  —a  to  -fa.  Had 

re  taken  the  same  coordinates  in  case  2  as  in  case  1,  our  result  in  case  2 
muld  have  been 

A„  sin  \  J  -f  (1  —  cos  AJ) 

^+fV+2T 


-2 

n  -  1 


h 


cos  \nx  -f  - — r  sin  A 


A  „A 


^nxj  exp  (  —  An2 


(6.22) 


here  An  is  the  nth  root  of 


tan  A /  =  h/J^L 
A2  -  hy k- 


(6.23) 

The  importance  of  choosing  an  appropriate  coordinate  system  is  obvious 
n  comparing  (6.22)  and  (6.23)  with  (6.20)  and  (6.13).  ‘  8 

THE  INFINITE  CYLINDER 

I  fini^:S^er  iS  a  Cylmder  lmVi"K  infinite  le"«th  and  a  diameter 

« :i . s 

this  Class  Of  objects  'nnthemat.es  of  conduction  heating 
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The  study  of  the  infinite  cylinder  is  given  an  apparent  complication  by 
the  introduction  ol  Bessel  functions.  It  is  indeed  unfortunate  that  so 
many  people  shun  an  unfamiliar  name  or  subject.  This  is  particularly 
true  in  the  case  of  Bessel  functions,  for  these  are  perfectly  respectable 
mathematical  functions;  they  are  tabulated,  as  are  trigonometric  func¬ 
tions;  they  possess  many  properties  analogous  to  those  of  the  trigono¬ 
metric  functions;  they  constitute  no  hazard  to  the  life  and  limb  of  the 
engineer.  There  is  no  reason  to  fear  them,  little  reason  to  shun  them, 
and  good  reason  to  cultivate  their  acquaintance;  for  whenever  we  deal 
with  the  Laplacian  operator*  (V2)  and  a  circular  boundary,  they  are 
almost  sure  to  arise.  The  engineer  is  thus  faced  with  the  option  of  either 
studying  them  or  shunning  an  excellent  engineering  tool. 

With  this  short  apologia,  we  shall  proceed. 

Among  the  many  texts  on  Bessel  functions,  McLachlan’s,  in  spite  of 
its  almost  complete  lack  of  examples  from  conduction  theory,  is  highly  to 
be  recommended  because  of  its  engineering  approach  and  lucid  style. 
The  texts  of  Churchill,  Byerly,  and  Jackson  give  excellent  accounts  of 
the  theory  needed  for  our  purposes  and  include  many  examples  in  the 
theory  of  heat  conduction. 

Notwithstanding  the  above  recommendation  of  McLachlan’s  text,  the 
references  within  square  brackets  in  the  following  pages,  as  explained 
previously,  are  to  Carslaw. 


Roots  of  ./o(x)  =  0 

The  older  writers  used  no  standard  notation  for  the  roots  of  the  Bessel 
function  of  the  first  kind  of  zero  order,  J 0(x)  =  0.  Instead  [(6),  p.  115] 
they  would  say  a  is  a  root  of  J  0(aa)  =  0  and  symbolize  the  first  and 
second  positive  roots  by  on  and  a^.  J  hat  is,  a i  and  as  are  values  of  a 
which  made  .Jo(cna)  =  ./0(«2a)  =  0.  This  situation  can  be  highly  con¬ 
fusing.  For  instance,  Carslaw  (p.  115)  makes  the  statement.  To  satisfy 
the  boundary  condition,  a  must  be  a  root  of  J0(aa)  =  0.”  What  he 
means  is  that  a  must  take  on  a  value  which  makes  aa  a  root  of  J o(««)  =  °- 
For  this  reason,  it  has  become  customary  among  some  modern  writers 
to  consider  the  equation  J „(x)  =  0  and  to  indicate  the  successive  roots  i 
by  Rh  7?2,  etc.  That  is,  as  a:  varies  from  zero  to  infinity,  J o(x)  will  first  I 
vanish  when  x  =  R i.  As  x  increases,  it  will  vanish  again  when  x  =  Ri, 
and  so  on,  since  ./„(x)  has  an  infinite  number  of  roots.  Now  observe  that, 
with  the  older  notation,  ah  a 2,  etc.,  will  vary  with  the  value  of  a,  so  t  a 
if  the  values  of  «  are  determined  for  one  problem  with  a  given  value  o  a, 
they  would  not  be  the  same  in  another  problem  with  a  different  value  o 
To  return  to  Carslaw’s  example,  we  would  say  that  if  Rn  is  the  nt  i  ioo 
*  Dominant  in  hydrodynamics,  aerodynamics,  electrostatics,  magnetostatics,  heatl 
flow,  sound,  diffusion,  and  many  other  branches  of  physics. 
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jf  J 0(:r)  =  0,  then  a  must  take  on  values  which  make  aa  =  Rn*  Since 
here  is  a  value  of  a  associated  with  each  value  of  n,  we  may  write  this 
Rn* 

Values  of  Rn  are  given  in  Table  1.2  in  Ingersoll. 


Case  1.  Surface  r  =  a  at  Zero  Temperature 

If  the  initial  temperature  distribution  is  given  by  f(r),  where  r  is  the 
adius  of  the  cylinder,  the  temperature  at  a  point  after  heating  for  a 
ime  t  is  given  by  (6.24)  [(12),  p.  112],  (also  Ingersoll,  p.  178), 


^here  J «(^r)  is  a  Bessel  function  of  the  first  kind  of  order  n. 

When  the  initial  temperature  of  all  points  is  uniform  (/(r) 
emperature  at  a  point  is 


(6.24) 


1),  the 


u  = 


QO 

*2 


•/„  (  Hn  J 


R~h(R.)  °XP 


(6.25) 


n  =  1 


Under  this  condition,  the  center  temperature  (r  =  0)  is 


u  = 


VV  eXP  (  —  Rn2  /  v 

2  \  V _ ^7 _ (<  ( af\ 

RnJl(Rn)  ~ 

n  =  l 


(6.26) 


fcjf  5UnC,t10"  has  Ihe  same  role  >"  the  theory  of  the  infinite  cylinder  as 
(9)  has  for  the  infinite  slab.  Writing  e  for  al/a\  we  have  from  (6.26), 


C{6)  =  2 


+ 


£ — Ri^B 


+ 


RiJi(Ri)  R^JJJU) 

Ingersoll  has  tabulated  this  function  for  6  from  0  to  1.7 


(6.27) 


Case  2.  Finite  Surface  Resistance-  Heating  Medium  at 

Zero  Temperature 

I  °r  17  “  ““  Sa™  -  <*>  solution 

• .  Toi  an  initial  temperature  distribution  /(r),  Carslaw 


224 


STERILIZATION  IN  FOOD  TECHNOLOGY 


[(8),  p.  118]  gives 


ao 

u  =  ~  jn  rf(r)Jo(f*nr)  dr  (6.28) 


=  —  >  *!L  ^o(Mnr)  exp  (  —  /in2  at)  fa 


a-  /  ,  /^2 

TTl  +  Mn2  )  ./o2(M«a) 

where  /u„  is  the  nth  positive  root  of 


k 


J o(m«)  =  m  ^  •/i(n«) 


(6.29) 


The  first  three  roots  of  this  equation  are  given  in  Table  6.1. 

When  the  initial  temperature  is  uniform  and  given  by  /(r)  =  1,  the 


Table  6.1.  First  Three  Roots  of  m  cot  0  =  0  [Eq.  (6.13)]*  and 
mJ o(0)  =  0J i (0)  [Eq.  (6.29)] t 


m 

Infinite  slab 
m  cot  0  —  p 

Infinite  cylinder 
mJo(P)  =  pJ  i(/8) 

Pi 

p2 

P* 

Pi 

Pi 

Pz 

0 

0 

IT 

27 r 

0 

3 . 832 

7.016 

0.1 

0.311 

3.1736 

6 . 2982 

0.442 

3.858 

7.028 

0.2 

0.617 

3 . 883 

7  049 

0.3 

. 

0.746 

3.910 

7.058 

0  4 

0.851 

3.934 

7.073 

0.5 

0.654 

3 . 2930 

6.3612 

0 . 940 

3 . 960 

7 . 087 

1.0 

0.860 

3.4256 

6.4372 

1.255 

4.079 

7.156 

2.0 

1.076 

3 . 6426 

6 . 5782 

1.600 

4.290 

7.288 

3.0 

1.192 

3 . 8096 

6 . 7032 

1 . 790 

4.463 

7.410 

4.0 

1.262 

3.9356 

6.8128 

1.909 

4.604 

7.520 

5.0 

1.314 

4.0346 

6 . 9022 

1.990 

4.714 

7.620 

6.0 

1 . 350 

4.1136 

6 . 9932 

2.049 

4.804 

7.704 

7.0 

1.377 

4.1746 

7 . 0662 

2 . 094 

4.877 

7.780 

8.0 

1.397 

4 . 2266 

7. 1268 

2.129 

4.937 

7.846 

9.0 

1.412 

4 . 2676 

7.1812 

2.156 

4.991 

7 . 905 

10.0 

1.428 

4 . 3056 

7 . 2282 

2.180 

5.033 

7.957 

oo 

7r/2 

371-/2 

5tt/2 

Ri 

r2 

Rs 

*  In  cot  \a  =  ( k/h)\  [Eq.  (6.13)],  let  \a  =  0,  ha/k  =  m;  then  m  cot  0=0. 


t  In  ./0(m«)  =  M  l  J i(m«)  [Eq.  (6.29)],  let  =  P,  ha/k  =  m\  then  mJ0(P)  = 
R,  is  ith  root  of  J o(x)  =  0.  ' 
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emperature  is 


u 


00 


n  =  1 


./0(innr)  exp  (  —  nn-at) 


(6.30) 


THE  SEMI-INFINITE  SOLID 

On  first  acquaintance,  the  expression  “semi-infinite  solid”  may  seem 
ot  only  paradoxical  but  even  foolish.  It  is,  however,  a  convenient 
xpression  for  designating  a  massive  object  with  a  flat  surface.  Physi- 
ally,  the  object  is  so  big  that  points  on  the  surface  opposite  to  the  flat 
irface  may  be  considered  at  an  infinite  distance  from  the  flat  surface, 
'here  must  be  points  so  remote  from  the  flat  surface  that  their  tempera- 
ire  remains  at  its  initial  value  for  the  full  duration  of  the  time  of  heating 
le  flat  surface.  A  certain  amount  of  common  sense  must  be  applied  to 
II  problems  of  this  type.  For  example,  consider  a  desk  top  1.5  in.  thick. 

'  short  heating  times  are  involved,  the  desk  top  is  the  physical  equivalent 
f  a  semi-infinite  solid.  For  long  heating  times,  this  is  certainly  not  the 
ise,  because  the  other  side  will  eventually  be  heated.  Then,  it  would  be 
etter  to  consider  the  desk  top  an  infinite  slab,  with  perhaps  one  insulated, 
r  partially  insulated,  face. 

If  the  initial  temperature  at  all  points  is  uniform,  u0  =  1  and  the  tem- 
srature  at  a  point  x  units  from  the  face  of  the  solid  at  time  t  is  [(2),  p.  34], 


2  [2 

u  =  —-  e-P'dp  (6.31) 

V  *  Jo 

to\ided  the  surface  is  maintained  at  Ui  =  0.  The  expression  (6.31)  is 
a°wn  as  the  probability  integral  and  is  a  function  of  the  upper  limit 
' (2  V od)  of  the  integral.  If  we  let,  as  in  (6.4)  and  (6.27),  9  =  x/(2  y/ai), 
e  note  that  u  is  a  function  of  9  alone  and  we  write  (6.31)  as 


*(*) 


(6.32) 


he  function  4>(0)  is 
When  M0  =  1,  Ui 
rite,  then  [(12),  p. 


given  in  1  able  D.l  in  Ingersoll. 

=  0,  and  the  surface  coefficient  of  heat  transfer  h 
51] 


is 


M  =  <t>(0)  -f 


1  *  (® +  is)]  e*p  (j  *  +  p  «*) 


(6.33) 
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NUMERICAL  SOLUTION  OF  THE  HEATING  EQUATION 

t  It  has  been  shown  by  Olson  and  Schultz  [8]  that  the  functions  C(d), 
S(0),  and  T(0)  have  remarkable  properties.  For  example,  the  temperature 
at  the  center  of  a  finite  cylinder  is  given  by  the  product  C  (0i)S(02),  and 
the  temperature  at  the  center  of  a  parallelopiped  (brick)  is  *S(01)*S(02)aS(03). 
They  list  12  objects  whose  temperature  can  be  obtained  by  products  of 
these  functions.  Since  the  procedure  has  been  described  beautifully  by 
Ingeisoll,  it  need  not  be  repeated  here.  1  he  serious  student  is  urged  to 
give  it  careful  study  as  it  has  many  applications  in  thermal  processing. 


SUMMARY 

The  origin  of  the  heating-curve  functions  /  and  j  has  been  exposed  in 
some  detail  in  Chap.  6.  These  functions,  along  with  the  z  and  F  func¬ 
tions  described  in  Chap.  4  and  the  heating-curve  parameters  Tx  and  To, 
described  in  Chaps.  5,  6,  and  8,  are  the  essence  of  any  procedure  for  the 
mathematical  evaluation  of  a  heat-sterilization  process.  An  under¬ 
standing  of  their  natures  is  essential  to  a  thorough  comprehension  of  cal¬ 
culation  procedures.  The  value  of  each  must  be  established  before  a 
calculation  can  be  undertaken,  and  the  six  values  constitute  an  adequate 
premise  for  such  a  calculation. 


SYMBOLS 

An  Constant  coefficient  of  nth  term  of  an  infinite  series. 

a  Radius  of  a  cylinder  or  half  the  thickness  of  a  slab. 

a  Thermal  diffusivity  (=  thermal  conductivity  /specific  heat  X  density), 
d  A  variable  in  a  function. 
h  Surface  coefficient  of  heat  transfer. 

Jn  Symbol  of  Bessel  function  of  first  kind  of  order  n. 
k  Thermal  conductivity. 

L  Linear  unit  of  dimension  applied  to  cross  section  of  a  channel  through  which 
heat  is  conducted. 

I  Thickness  of  a  slab. 

X  A  variable  in  a  function. 

m,n  Dummy  indices  in  a  function. 
n  A  variable  in  a  function. 

Q  Btu/hr  of  heat  transmitted  to  a  unit  area  of  surface. 

Rn  nth  root  of  Bessel  function  of  first  kind  of  zero  order.  J o{x)  =  0. 
r  Distance  from  axis  of  a  cylinder  along  a  radius. 

T  Temperature  of  some  point  in  object  being  heated  at  time  t. 

To  Initial  temperature  of  object  to  be  heated. 
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Temperature  of  heating  medium. 

Temperature  of  surface  of  object. 

Time  during  heating. 

Fourier  modulus. 

[(Ti  —  T)/(T i  —  To)]  Value  at  time  l  of  temperature  of  a  point  in  an  object 
on  a  canonical,  or  theoretical,  temperature  scale. 

[=  1]  Value  of  initial  temperature  of  a  point  in  an  object  on  a  canonical,  or 
theoretical,  temperature  scale. 

[=  0]  Value  of  temperature  of  heating  medium  on  a  canonical,  or  theoretical, 
temperature  scale. 

Distance  of  a  point  in  interior  of  an  object  from  nearest  surface  of  object. 
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CHAPTER  7 


THEORY  OF  HEATING  CURVES 


The  purpose  and  nature  of  this  chapter  are  elucidated  in  the  Prefaci 
and  on  page  226  of  Chap.  6. 

The  following  discussion  will  be  restricted  to  heating  by  conductioi 
alone.  Except  for  the  last  section  of  this  chapter,  it  will  be  assumed  tha 
the  temperature  at  the  surface  of  the  heated  object  is  constant  am 
uniform  (h  =  »)  and  that  the  thermal  diffusivity  is  constant  over  th 
temperature  ranges  under  consideration. 

Although  the  experimental  data  given  in  support  of  the  theory  hav 
been  obtained  only  for  the  heating  of  cans,  the  results  are  readily  appli 
cable  to  other  objects. 


IDENTIFICATION  OF  PARAMETERS 


The  equation  of  the  straight-line  approximation  to  the  heating  curve 
discussed  in  Chap.  5  is 

f=/logio^  (7J 


which  may  be  written 


u 


je-1.Z03(t/f) 


(7.2 


We  have  shown  that  (7.2)  is  a  good  approximation  to  the  heating  cun- 
provided  the  value  of  t  is  sufficiently  large.  We  now  seek  to  determm 
the  relations  between  the  parameters  j  and  /  of  the  experimental  heatim 
curve  and  the  terms  appearing  in  the  heating  equation  derived  from  cor 
duction  theory.  For  this  purpose,  a  more  general  equation  than  was  use 
in  Chap  6  will  be  necessary.  If  the  initial  temperature  of  a  finite  cyliiUM 
is  not  uniform,  the  temperature  at  time  t  after  the  beginning  of  heating,  £ 
given  by  Carslaw  (p.  124),  is 


u  = 


oo  w 

V  V  V 


2 /oH-m  2tt  2/62)  at 


j  =  l  m  =  1 n  =  0 


t 


J •  (R‘  l) sin  lr (2  + h) 

•  (Ajmn  COS  nd  +  Bjrnn  sill  lid)  (7-' 
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here  6  is  an  angular  coordinate  and  AJmn  and  Bjmn  are  constants  depending 
n  the  initial  temperature  distribution. 

For  sufficiently  large  values  of  t,  all  terms  in  (7.3)  except  the  first  will 
anish.  The  temperature  is  then  given  by 


u  —  A  no* / 1 


(*■;) 


sin  26  ^ 2  +  b ^  exp 


at 


(7.4) 


omparing  (7.2)  and  (7.4)  we  find  them  to  be  of  the  same  form  with 

2.303 


f  a[(fti2/a2)  +  (7t2/462)] 
j  =  A  no./ 0  (r  1  y  sin  ~ 


2b(z  +  b) 


(7.5) 


(7.6) 


y  studying  (7.5)  and  (7.6)  we  learn  some  important  facts  regarding  / 
id  j.  Since  Au0  is  the  only  quantity  dependent  on  the  initial  tempera- 
ire  distribution,  we  note  that,;  varies  with  the  initial  temperature  distri- 
ition  but  /  does  not.  Furthermore,  /  is  independent  of  the  position 
>ordinates  r  and  z*  That  is  to  say,  /  is  the  same  at  all  points  inside  the 
finder.  The  thermal  diffusivity  a  occurs  in  (7.5)  but  not  in  (7.6), 
lplying  that  /  varies  with  the  kind  of  material  being  heated  but  j  does 
)t.  These  findings  are  displayed  in  Table  7.1. 

Table  7.1.  Dependence  of  /  and  j  on  Position,  Thermal  Diffusivity, 
and  Initial  Temperature  Distribution 


/ 

j 

Position  in  object 

Invariant 

Varies 

Invariant 

Thermal  diffusivity  of  object 

V  aries 

Invariant 

Varies 

Initial  temperature  distribution 

FACTORS  INFLUENCING  THE  VALUE  OF  j 

Results  °f  practical  importance  may  be  obtained  immediately  from 
o;,  (7.b),  and  these  conclusions. 

Let  jo  be  the  j  value  at  the  geometric  center 
From  (7.6), 

A  no 

erefore  L  =  [  ( /?  r  \  r  - 

jo  Jo\K'a)sm  26  +  ^  (7-8) 

ination  <7.8)  shows  that  to  produce  a  1  per  cent  error  in  the  experi- 
e  ermination  of  j„,  the  thermocouple  tip  must  be  displaced  8  8  ncr 

•  po°iL;:an;adius  from  the  center-  °r  disp,a-j  xiSdiS  “  iz 

coot  mate  z  is  distinguished  from  slope,  z,  of  TDT  curve. 
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cent  of  the  can  length  from  the  center.  If,  in  a  307  X  409  can,  the  ther¬ 
mocouple  tip  is  located  on  the  can  axis,  a  displacement  of  0.205  in.  from 
the  can  center  toward  either  end  will  produce  a  1  per  cent  error  in  the 
j  value.  If  the  tip  is  located  in  a  plane  midway  between  the  ends  of  the 
can,  a  displacement  of  0.138  in.  from  the  center  will  produce  a  1  per  cent 
error.  When  both  displacements  occur  simultaneously,  the  error  is 
slightly  greater  than  2  per  cent.  These  considerations  show  that  the 
error  in  j 0  due  to  the  thermocouple  tip  being  off  center  is  not  of  great 
magnitude. 

Tests  were  made  on  a  5  per  cent  bentonite  suspension  (see  Chap.  9)  in 
603  X  700  cans  to  check  (7.8)  experimentally.  Thermocouple  tips  were 
placed  in  a  plane  midway  between  the  can  ends  at  various  distances  from 
the  can  axis.  The  results  are  given  in  Table  7.2.  It  can  be  seen  that 
the  agreement  with  theory  is  good.  In  another  test  under  similar  condi¬ 
tions,  the  j  values  at  the  center  and  at  a  point  on  the  can  axis  2  in.  from 
the  center  were  1.92  and  1.28,  respectively.  The  calculated  j  value  at 
the  latter  point  was  1 .20. 


Table  7.2.  Experimental  and  Calculated  j  Values  for  Thermocouple 
Tip  in  Plane  Midway  between  Can  Ends 


Distance  from  can  axis,  in. 

Experimental  j 

Calculated  j 

3.1 

0.10 

0 . 09 

2.7 

0.38 

0.40 

1 .9 

1.08 

1.02 

0.8 

1.71 

1.73 

0.0 

1.82 

1 . 82  basis 

The  j  values  associated  with  various  shapes,  such  as  a  sphere  or  a  brick, 
may  be  readily  computed  if  it  is  assured  that  the  initial  temperature 
throughout  the  object  is  uniform.  A  list  of  these  is  given  in  Table  7.3. 

Since  a  long  finite  cylinder  is  often  regarded  as  the  physical  equivalent 
of  an  infinite  cylinder  and  a  squat  cylinder  is  likewise  considered  an  infinite 
slab,  one  would  expect  that  the  j  value  of  a  finite  cylinder  would  vary  with 
the  ratio  of  height  to  diameter.  Apparently  this  is  not  the  case,  for  f 

data  in  Table  7.3  indicate  that  j  is  constant. 

The  existence  of  this  paradox  led  to  a  critical  study  of  the  mathema  ica 
reasoning  used  in  deriving  (7.6)  from  (7.3).  Three  independent  method; 
were  used.  These  were  (1)  a  study  of  the  convergence  of  (7.3);  (-)  u 
vation  of  the  equation  of  the  tangent  to  the  heating  curve,  then ^erivattO; 
of  the  equation  of  the  asymptote  as  a  limit;  and  (3)  a  study  of  t  ic  i  ' 
tial  equation  from  which  (7.3)  was  obtained.  Details  of  this  mvestigatio 

•  Much  of  the  material  in  this  section  is  from  F.  C.  W.  Olson  and  J.  M.  Jackson  W 


THEORY  OF  HEATING  CURVES  231 

re  not  of  immediate  interest;  it  is  sufficient  to  state  that  all  three  methods 
mfirmed  the  previous  result. 

The  apparent  paradox  is  explained  by  the  fact  that  the  asymptote  is 
pigent  to  the  heating  curve  at  infinity,  and  therefore,  if  the  slope  of  the 

Table  7.3.  Theoretical  Valves  of  j  for  Various  Objects  When  the 
Initial  Temperature  Distribution  Is  Uniform 


Object 


)  Brick . 

)  Rectangular  rod . .  . 

)  Infinite  slab . 

)  Finite  cylinder .... 
)  Infinite  cylinder ..  . 

)  Sphere . 


ymptote  were  to  be  obtained  by  experimental  methods,  it  would  be 
cessary  to  continue  the  heating  curve  for  infinite  time.  Thus,  if  infinite 
ating  time  is  considered,  a  finite  cylinder  of  very  large  radius  is  not  the 
ysical  equivalent  of  an  infinite  slab. 


j  at  geometrical 
center 

j  at  any  point  in 

the  object 

2.06410 

o  .wi  .  ,  .  i  TTJ  7 T IJ  7rZ 

2 . 06410  COS  jj—  COS  COS  tr— 

2a  2 ab  2c 

1.02114 

1.62114  cos  ?  cos  g 

2a  2  b 

1 . 27324 

1 . 27324  cos  ~ 

2  a 

2 . 03970 

2 . 03970  Jo 

try 

COS2 ft 

1.60218 

1.60218  Jo 

2 . 00000 

0.63662  -  sin  — 
x  a 

J - 

3- - 

6 

ln<-— 

-^°22 

'll 

6 

\I8 

1 

o 

< 

>2 

\37 

>3 

< 

3  \ 

2  0 

/<$ 

1  0 

S  D 

3  1 

r\  > 

F  '  I/d 

■c.  7.1.  Relationship  between  j  and  the  ratio  of  „an  length  to  diameter 

;rrriiy  obtained 

h  the  ratio  of  length  to  diameter  This  is  *  Xp°'  lm®n.tal  J  values  va'T 
va,es  Obtained  from  OS 
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plotted  against  the  ratio  of  can  length  to  can  diameter.  This  curve  is 
intended  only  to  show  a  general  trend,  since  the  data  were  obtained  under 
widely  varying  conditions.  The  numbers  adjacent  to  the  points  on  the 
graph  indicate  the  number  of  j  values  which  were  averaged  to  obtain  the 
indicated  points.  The  numbers  therefore  indicate  the  weight  to  be  given 
the  points. 

It  is  apparent  from  Fig.  7.1  that  the  experimental  j  values  as  deter¬ 
mined  by  the  tangent  to  the  heating  curve  (instead  of  the  asymptote  as 


q 


Fig.  7.2.  Relationship  between  j  and  q  ( =  length2/radius2)  of  finite  cylinder. 

in  the  case  of  theoretical  j  values)  are  influenced  by  the  ratio  of  can  length 
to  diameter.  The  maximum  value  seems  to  occur  when  the  length  is 
equal  to  the  diameter.  The  j  values  for  the  asymptote  to  the  heating 
curve,  as  given  in  Table  7.3,  are  then  of  practical  significance  only  as 
limiting  values.  Therefore,  it  would  be  of  interest  to  develop  an  equa¬ 
tion  for  the  j  value  of  the  tangent  to  the  heating  curve  instead  of  the 
asymptote.  This  has  been  done  for  the  heating  curve  obtained  at  the 
center  of  a  finite  cylinder,  assuming  a  uniform  initial  temperature  distn 
bution.  If  V  is  the  number  of  log  cycles,  the  j  value  of  the  tangent  to  a 
point  on  the  curve,  which  has  the  same  abscissa  as  a  point  on  the  asymp¬ 
tote  p  log  cycles  from  the  origin,  is  given  approximately  by 

lo gj  =  0.3096[1  -  8.6 w(e-l*Aw  +  2.56‘e-23^)]  (7’9)! 


where  s  =  h2/ a 2 

W  =  p/(2.344s  +1)  tT  fnrfll- 

The  graph  of  (7.9)  is  given  in  Fig.  7.2  for  p  =  0.5,  i,  and  2.  n 
nately,  this  approximation  is  useful  only  for  values  of  s  between  0-2  and 
To  check  (7.1)  several  theoretical  heating  curves  were  calcu  a  ■ 

(7.3).  The  constants  Ajm,  and  B*.,  were  given  the  values  8/w  and  ; 
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spectively,  to  correspond  to  a  uniform  initial  temperature  distribution, 
le  curves  represent  temperatures  at  the  geometrical  centers  of  cylinders 
lose  ratios  of  length  to  diameter  are  0.384,  0.624,  0.942,  and  1.254.  The 
mensions  of  the  cylinder  and  k  were  so  chosen  that  /  =  100  for  each 
rve.  Tangents  were  drawn  to  each  curve  at  one-half  log  cycle  and  one 
r  cycle  from  the  origin  of  the  curve,  and  the  j  values  of  the  tangents 
ire  found  by  graphical  means.  The  results  given  in  Table  7.4  and  in 
g.  7.2  are  conclusive  evidence  that  in  practical  applications,  j  varies 
th  the  ratio  of  can  diameter  to  length. 


Table  7.4.  j  Values  of  Tangents  to  Heating  Curves 


i/d 

p  =  0.5 

calculated  (7.9) 

Graph  (7.2) 

p  =  1 

calculated  (7.9) 

Graph  (7.2) 

0.384 

1.45 

1.40 

1.79 

1.71 

0.624 

1.74 

1.82 

1.98 

1.93 

0.942 

1.89 

1.96 

2.02 

2.02 

1.254 

1.76 

1.82 

1.98 

1.96 

Effect  of  Initial  Temperature  Distribution 

In  the  preceding  discussion  of  the  various  factors  affecting  j,  it  was 
Burned  that,  the  initial  temperature  was  the  same  at  all  points  through- 
t  the  object.  Removing  this  restriction  greatly  complicates  the 
bblem.  Equations  may  be  derived  for  the  j  value  for  anv  given  tem- 
rature  distribution,  but  they  usually  are  too  cumbersome  for  practical 
e. 

An  equation  has  been  derived  for  the  j  value  of  the  asymptote  for  the 
-iter  of  a  finite  cylinder,  assuming  that  the  cylinder  was  once  at  a  uni- 
m  temperature  and  that  since  that  time  the  temperature  of  the  sur- 
anding  medium  was  constant.  This  corresponds  to  the  situation  where 
■an  is  filled  at  a  uniform  temperature  and  then  is  either  cooled  in  air  or 
ated  in  an  exhaust  box  prior  to  processing.  The  j  value  of  the  asymp- 

te  to  the  heating  curve  obtained  under  these  conditions  is  given  to  a 
igh  approximation  by 


1.27  +  0.77 


(7.10) 


lere  TV  is  the  temperature  about  0.1  in.  from  the  can  wall  just  before 
ating  (at  temperature  7’,)  begins.  Because  of  the  simplifying  assump- 

Z TTTyf  “  deVel°ping  this  -P-ssion  is  useful  only  to  give 

itrihutfom  manner  WhiChi  VarieS  With  the  initial  temperature 

Equation  (7.101  has  been  checked  experimentally  using  603  X  700  cans 
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of  5  per  cent  bentonite  suspension.*  Before  processing,  the  cans  were 
held  in  water  at  various  temperatures  to  create  the  desired  temperature 
gradients.  The  results  given  in  Table  7.5  show  fairly  good  agreement 
between  experiment  and  theory. 

Table  7.5.  j  Values  in  Finite  Cylinder  for  Various  Initial  Temperature 

Distributions 


(2T  -  Tw )/(T1  -  To) 

Experimental  j 

Calculated  j 

0.50 

1.47 

1.60 

1.00 

1  .91 

2.04 

1.26 

2.23 

2.24 

3.10 

3.00 

3.65 

FACTORS  INFLUENCING  / 

Thermal  Diffusivity 

Thermal  diffusivity  has  the  same  role  in  temperature  flow  as  thermal 
conductivity  has  in  heat  flow.  Its  numerical  value  may  be  determined 
by  the  equation  defining  it, 

a  =  thermal  conductivity/ (specific  heat  X  density) 

or  by  direct  experimental  means.  The  method  described  by  1  hompson 
consists  essentially  of  making  one  temperature  measurement  at  the  center 
of  a  finite  cylinder  of  the  test  material.  The  observed  temperature,  the 
heating  time,  and  the  dimensions  of  the  cylinder  are  substituted  in  (7.4). 
If  the  initial  temperature  is  uniform,  the  value  2.03970  is  substituted  for 
Ano  and  the  equation  is  solved  for  a.  It  is  essential  that  the  initial  tem¬ 
perature  distribution  and  the  position  of  the  measured  point  be  accurately 
known  in  order  that  an  accurate  determination  of  a  may  be  made.  The 
time  at  which  the  measurement  is  made  must  also  be  great  enough  for 
(7.4)  to  be  valid.  But  as  time  increases,  the  difference  between  the  tem¬ 
perature  at  the  measured  point  and  the  heating  temperature  decreases. 
The  accuracy  of  the  measured  temperature  will  therefore  decrease.  The 
value  2.03790,  as  has  been  shown,  is  derived,  using  assumptions  which  do  I 
not  hold  in  practice,  and  this  error  further  decreases  the  accuracy  of  the  I 

determination  of  a.  •  u  u 

A  method  which  is  free  from  these  limitations  was  developed  by  mu. 
It  requires  the  measurement  of  enough  temperatures  to  determine  f  from  j 
the  heating  curve.  The  value  of  /  and  the  dimensions  of  the  cylinder  are: 
substituted  in  (7.5),  which  is  then  solved  for  a.  This  method  is  in 

*  Bentonite  suspension,  because  of  its  physical  stability,  is  often  used  in  experi¬ 
mental  exploration  of  the  principles  of  heat  transmission. 
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endent  of  the  initial  temperature  distribution  and  the  position  of  the 
leasured  point.  It  has  the  further  advantage  that  /is  derived  from  more 
han  one  temperature  measurement,  and  therefore  its  probable  error  will 
e  smaller  than  that  of  a  single  measurement.  The  principal  error  in 
etermining  a  by  this  method  is  in  estimating  the  slope  of  the  asymptote. 
Vith  reasonable  care,  a  may  be  determined  with  an  accuracy  more  than 
ufficient  for  most  industrial  purposes. 

Table  7.6.  Equations  for  Determining  the  Theraial  Diffusivity  from 
Experimental  Heating  Curves  Obtained  in  Various  Objects 


Object  Equation 

(1)  Brick .  «  =  0.933/(1 /a2  +  1/b2  +  1/c2)/ 

(2)  Rectangular  rod .  a  =  0.933/(l/a2  +  1  /b2)f 

(3)  Infinite  slab .  a  =  0.933a2// 

(4)  Finite  cylinder .  a  =  0.398/(1 /a2  +  0.427/fi2)/ 

(5)  Infinite  cylinder .  a  =  0.398a2// 

(6)  Sphere .  a  =  0.233 a2// 


The  equations  in  Table  7.6  for  determining  the  thermal  diffusivity  when 
leasurements  are  made  on  various  objects  were  developed  by  Olson  using 
lethods  similar  to  those  employed  in  deriving  (7.5).  The  practical  value 
F  these  equations  may  best  be  illustrated  by  the  following  example. 

A  heat-penetration  test  was  made  on  cream-style  corn  in  a  307  X  409 
m  (nominal  over-all  dimensions  3.4375-in.  diameter  and  4.5625-in. 
ngth).  The  value  of  /  was  found  to  be  62.6.  After  correcting  for  the 
imensions  of  the  double  seams  and  the  thickness  of  the  tin  plate,  it  is 
•und  on  substituting  the  proper  values  of  a,  b,  and  /in  Eq.  (4)  of  Table  7.6 
mt  a  is  approximately  0.014  sq  in./min.  It  is  desired  to  find  the 
alue  of /for  the  same  product  packed  in  a  603  X  700  can  (nominal  over- 
1  dimensions  6.1875-in.  diameter  and  7-in.  length).  The  appropriate 
dues  of  a  and  b  and  the  value  0.014  for  a  are  substituted  in  Eq.  (4)  of 
able  7.6.  Solving  this  equation  for/,  one  obtains  195,  the  corresponding 
due  for  the  603  X  700  can. 

If  it  were  desired  to  pack  this  product  in  a  rectangular  can,  the  heating 
Lte  would  be  obtained  from  Eq.  (1)  of  Table  7.6. 


Can  Factors  for  Conduction  Heating 

The  example  m  the  last  section  illustrates  one  way  in  which  these  theo- 

!Ca  "esult®  may  be  aPPlied.  However,  this  particular  procedure,  while 
structive  does  not  lend  itself  readily  to  routine  application.  For  this 
lrpose,  the  following  modification  has  been  devised. 

From  (7.5)  we  get 

af  =  - _ 2-303 

( Ri/a )2  (ir/2b)2 

he  right-hand  side  depends  only  on  the  can  dimensions  a  and  b. 


(7.11) 
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That  is  to  say,  for  any  given  can  size ,  the  product  of  the  thermal  diffusivity 
and  the  f  factor  is  a  constant.  Let  us  call  the  constant  f*.  Then 


«/  =  /*  (7.12; 

We  note  that  when  a  =  1,  /  =  /*.  Also,  by  (7.11)  and  (7.12), 

,*  _  2-303 

(fli/a)2  +  (t/2  by  (713- 

Therefore  f*  is  numerically  equal  to  the  /  value  one  would  obtain  for  2 
material  having  unit  thermal  diffusivity.*  Since  2b  =  l  (length)  anc 
2 a  =  d  (diameter),  (7.13)  may  be  written,  after  substituting  Rx  =  2.4048 

_  1  2.303d2  _  1  0.933d2 

J  4  '  5.78  +  2.47(d//)2  4 ' 2.34  +  (d//)2  ' 


In  TPTCF  (p.  54),  the  following  expression  is  given: 


d2  =  4  ~fh 

Ju 


(7.15 


which  is,  in  our  notation, 


a 


d2  =  4  r  / 
Jn 


(7.16 


where 


length  of  can  n 

“fn  is  a  factor  the  value  of  which  is  fixed  by  the  ratio,  ^ameter  Qpcan‘ 


Comparing  (7.12),  (7.14),  and  (7.16),  we  note  that 

0.933d2 


— 


\  =  4/* 


2.34  +  (d/l) 


(7.17 


The  expression  d2  fu  has  come  to  be  known  as  the  can  factor  foi  con 
duction  heating”  and  is  of  utmost  importance  in  practical  applications 
Table  7.7  gives  its  value  for  the  most  common  can  sizes.  Since  the  cai 
factor  as  described  here  has  been  widely  used  for  many  years,  it  v  ould  b< 
difficult  now  to  alter  it.  However,  it  is  unfortunate  that  4 /*  was  chosei 
for  the  can  factor  instead  of  /*,  since  in  the  latter  case  the  can  facto 
would  admit  of  simple  physical  interpretation.  We  may  nevertheless 
state  that  the  can  factor  is  numerically  equal  to  the /value  lor  a  materia 

having  a  thermal  diffusivity  of  4  units. 

It  is  well  to  mention  that  the  d  and  l  in  these  equations  refer  to  ttv 

inside  diameter  and  length. 

The  practical  application  of  can  factors  in  comparing  values  ot  J  w 
cans  of  different  sizes  is  as  simple  as  it  is  useful.  If  a  heat-penetratioi 
test  has  been  made  for  a  particular  food  product  and  can  size,  the  vau< 

*  This  notation  does  not  have  the  same  meaning  as  that  used  by  Okada  [2]. 
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Table  7.7.  Can  Factors  for  Conduction  Heating 

_  can  factor  B 
Jb  —  Ja  can  factor  a 

(For  determination  of  equivalent  processes  for  different  size  cans) 

Can  Factor  Can  Factor  Can  Factor 


Can  Size  (d2  X  fu)  Can  Size  (d2  X /ii) 


C.n.n.  Size 


A/2  v 


!02  X  108 

0.756 

!02  X  207 

1.18 

502  X  214 

1.288 

502  X  309 

1 . 392 

•02  X  408 

1.444 

502  X  607 

1.504 

508  X  109 

0.846 

!08  X  111 

1  038 

508  X  208 

1 . 579 

08  X  211 

1.597 

508  X  212 

1 . 623 

508  X  309 

1.81 

508  X  411 

1.99 

511  X  108 

0.946 

511  X  109 

0.985 

ill  X  112 

1.17 

ill  X  200 

1.359 

ill  X  204 

1.53 

ill  X  206 

1.602 

ill  X  212 

1.725 

ill  X  214 

1.858 

ill  X  300 

1  . 904 

511  X  303.75 

1 . 994 

511  X  304 

2.0 

511  X  306 

2.035 

511  X  310 

2.1 

ill  X  311.5 

2.11 

511  X  400 

2.19 

}ll  X  408 

2 . 262 

ill  X  414 

2.305 

511  X  415 

2.325 

511  X  600 

2.39 

513  X  107 

0.94 

513  X  302 

2. 1 

513  X  304.5 

2.15 

513  X  309 

2.26 

100  X  102 

0.6195 

100  X  106 

0.892 

100  X  111 

0.909 

100  X  203 . 5 

1.718 

300 

X 

303 

2 

.335 

300 

X 

303 

.75 

2 

.36 

300 

X 

304 

.5 

2 

.375 

300 

X 

308 

2 

.44 

300 

X 

309 

2 

.495 

300 

X 

407 

2 

.74 

300 

X 

409 

2 

.785 

300 

X 

507 

2 

.882 

301 

X 

115 

1 

.483 

301 

X 

200 

1 

.58 

301 

X 

202 

1 

.  7 

301 

X 

204 

1 

.788 

301 

X 

206 

1 

.803 

301 

X 

208 

1 

.  983 

301 

X 

214 

2 

233 

301 

X 

308 

2 

544 

301 

X 

400 

2 

73 

301 

X 

406 

2 

827 

301 

X 

411 

2 

915 

301 

X 

606 

3. 

104 

301 

X 

1,000 

3. 

26 

303 

X 

401 

2 

95 

303 

X 

406 

3. 

035 

303 

X 

408 

3. 

065 

303 

X 

509 

3. 

345 

304 

X 

301 

2. 

55 

307 

X 

102 

0. 

625 

307 

X 

106 

0. 

789 

307 

X 

108 

1. 

075 

307 

X 

.112 

1. 

424 

307 

X 

113 

1. 

534 

307 

X 

115 

1  . 

678 

307 

X 

200 

1 

732 

307 

X 

200. 

25 

1. 

742 

307 

X. 

200. 

5 

1. 

753 

307 

x' 

202 

1. 

885 

307 

X 

202. 

5 

1. 

91 

307 

X 

203 

1. 

95 

307 

X 

204 

2 

019 

307 

X 

208 

2. 

243 

307 

X 

211 

2 

.41 

307 

X 

212 

2 

.483 

307 

X 

214 

2 

.583 

307 

X 

302 

2 

.775 

307 

X 

305 

2 

.918 

307 

X 

306 

2 

.96 

307 

X 

308 

3 

.04 

307 

X 

310 

3 

.115 

307 

X 

314 

3 

.23 

307 

X 

315 

3 

266 

307 

X 

400 

3 

.29 

307 

X 

408 

3 

.49 

307 

X 

409 

3 

.51 

307 

X 

500 

3 

.63 

307 

X 

509 

3 

76 

307 

X 

510 

3 

.77 

307 

X 

604 

3. 

865 

307 

X 

609 

3 

.88 

307 

X 

704 

3 

.94 

308 

X 

401 

3. 

415 

310 

X 

114. 

5 

1 . 

69 

312 

X 

412 

4. 

12 

312 

X 

506 

4. 

33 

313 

X 

500 

4. 

325 

401 

X 

105 

0. 

66 

401 

X 

107 

0. 

96 

401 

X 

206 

2 

52 

401 

X 

208. 

25 

2. 

69 

401 

X 

209 

2 

75 

401 

X 

210. 

5 

2. 

84 

401 

X 

211 

2. 

89 

401 

X 

211. 

5 

2 

95 

401 

X 

213. 

5 

2 

97 

401 

X 

300 

3 

26 

401 

X 

301 

3 

32 

401 

X 

303 

3 

48 

401 

X 

308 

3 

.8 

401 

X 

309 

3 

.845 

401 

X 

411 

4 

.63 
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Table  7.7.  Can  Factors  for  Conduction  Heating  ( Continued ) 


Can  Factor 

Can  Factor 

Can  Factor 

Can  i 

Size 

0 d 2  X/n) 

Can  i 

Size 

0 d 2  X  fn) 

Can  Size 

(d2  X  fn) 

401 

X 

414 

4.71 

404 

X 

700 

5.76 

508  X  700 

9.07 

404 

X 

101 

0.  102 

501 

X 

309 

4.98 

509  X  700 

9.26 

404 

X 

102 

0.438 

501 

X 

310 

5.05 

404 

X 

107 

0.885 

501 

X 

312 

5.25 

603  X  304 

5.35 

404 

X 

108 

1.054 

501 

X 

400 

5.57 

603  X  408 

7.78 

404 

X 

112 

1 . 565 

501 

X 

412 

6. 17 

603  X  504 

9.03 

404 

X 

114 

1.838 

501 

X 

500 

6 . 67 

603  X  508 

9.32 

404 

X 

115 

1.875 

501 

X 

512 

7.4 

603  X  600 

9 . 95 

404 

X 

200 

2.041 

501 

X 

608 

7 . 72 

603  X  603 

10.175 

404 

X 

204.5 

2.465 

501 

X 

609 

7.76 

603  X  604 

10.25 

404 

X 

205 

2.555 

501 

X 

615 

7.91 

603  X  608 

10.5 

404 

X 

206 

2.62 

501 

X 

801 

8.32 

603  X  615.25 

10.91 

404 

X 

206 . 5 

2.67 

603  X  700 

10.95 

404 

X 

208 

2.825 

502 

X 

204 

2.75 

603  X  708 

11 .32 

404 

X 

212 

3.115 

502 

X 

206 

3.015 

603  X  714 

11.57 

404 

X 

300 

3.46 

502 

X 

210 

3.55 

603  X  804 

11.8 

404 

X 

306 

3.86 

502 

X 

306 

4.77 

603  X  812 

12.05 

404 

X 

307 

3.93 

502 

X 

400 

5 . 65 

603  X  900 

12  2 

404 

X 

308 

4.02 

502 

X 

406 

6.15 

404 

X 

309 

4.07 

502 

X 

508 

7.2 

610  X  200 

1.829 

404 

X 

312 

4.26 

502 

X 

510 

7.325 

610  X  212 

4.35 

404 

X 

400 

4.47 

502 

X 

608 

7.85 

610  X  310 

6.47 

404 

X 

404 

4 . 66 

610  X  708 

12.39 

404 

X 

406 

4 . 77 

507 

X 

203 

2.592 

404 

X 

414 

5.08 

507 

X 

205 

2.93 

700  X  808 

14.55 

404 

X 

500 

5. 16 

507 

X 

213 

4.03 

700  X  810 

14.65 

404 

X 

504 

5.27 

507 

X 

508 

7.87 

404 

X 

508 

5.39 

507 

X 

708 

9.14 

1,000  X  702 

20.15 

404 

X 

600 

5.58 

of  /is  obtained  from  the  test,  and  4 /*,  which  equals  d2fu,  is  obtained  Iron 
a  table  of  can  factors  (Table  7.7).  Let  these  values  of  /  and  4/*  be  f) 
and/*,  respectively.  Then,  from  (7.12), 

4  aAfA  =  ft  (7.18; 

Suppose  we  wish  to  know  what  the/  value  (/«)  would  be  for  another  car 
size  (can  factor,  ft)  but  for  the  same  food  product  (aA  =  aB).  In  the 

case’  4  aAfB  =  n  o-19; 

Dividing  (7.18)  by  (7.19), 

f_A=ft  (7.20: 

fB  ft 

which  is  to  say,  the  ratio  of  the  /  values  is  the  same  as  the  ratio  of  tlr 
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m  factors. 


Thus  we  have 


f  Q  _  f  W u)b 
,An  JaWu)a 


(7.21) 


Example:  fA  =  00  for  a  307  X  409  can.  What  is  fB  for  a  003  X  700  can? 
rom  Table  7.7  we  find  d2fu  =  10.95  for  a  003  X  700  can  and  3.51  for  a  307  X  409 


n.  Therefore 


fB  =  00 


10.95 

3.51 


187.2 


Conversion  Factors 

In  practical  applications  it  is  convenient  to  have  tables  prepared  for 
le  ratios  of  can  factors  commonly  used.  One  such  is  given  in  Table  7.8. 
s  use  is  illustrated  in  the  example. 

Example.  fA  =  00  for  a  307  X  409  can.  What  is  fB  for  a  003  X  700  can? 
From  Table  7.8,  we  find  the  appropriate  conversion  factor  is  3.12.  Then 
=  00  X  3.12  =  187.2. 


Table  7.8.  f  Conversion  Factors  for  Conduction  Heating 

fB  =  /a  X  conversion  factor  ~ 

A 


02  X  214 
11  X  304 
11  X  400 

00  X  407 
01  X  411 
03  X  406 
07  X  306 
07  X  409 

01  X  411 
04  X  307 
04  X  414 
04  X  700 

02  X  510 
>03  X  700 


202  X 
214 


1.000 

0.644 

0.588 

0.470 

0.442 

0.424 

0.435 

0.367 

0.278 
0.328 
0 . 254 
0.224 

0. 176 
0.  118 


21 1  X 
304 


1.553 

1.000 

0.913 

0.730 

0.686 

0.659 

0.676 

0.570 

0 . 432 
0 . 509 
0.394 
0.347 

0.272 
0.  183 


21 1  X 
400 


1  .700 
1.095 
1.000 

0.799 

0.751 

0.722 

0.740 

0.624 

0.473 
0.557 
0.431 
0 . 380 

0.299 

0.200 


300  X 
407 


2.127 

1.370 

1.251 

1.000 
0.940 
0 . 903 
0.926 
0.781 

0.592 

0.697 

0.539 

0.476 

0.374 

0.250 


301  X 
411 


2.263 

1.457 

1.331 

1.064 

1.000 

0.960 

0.985 

0.830 

0.629 
0.742 
0.574 
0 . 506 

0 . 398 
0.266 


303 X  307 X 
406  306 


2.356 

1.518 

1.386 

1.108 

1.041 

1.000 

1.025 

0.865 

0.656 

0.772 

0.597 

0.527 

0.414 

0.277 


2.298 

1.480 

1.352 

1.080 

1.015 

0.975 

1.000 

0.843 

0.639 
0.753 
0 . 583 
0.514 

0.404 

0.270 


307  X 
409 


2.725 

1.775 

1.603 

1.281 
1  .204 
1.157 
1.186 
1.000 

0.758 
0.893 
0.691 
0 . 609 

0.479 

0.321 


401  X 
411 


3.595 

2.315 

2.114 

1.690 

1.588 

1.526 

1.564 

1.319 

1.000 

1.178 

0.911 

0.804 

0 . 632 
0.423 


404  X 
307 


3.051 

1.965 

1.795 

1.434 
1.348 
1.295 
1.328 
1 . 120 

0.849 

1.000 

0.774 

0.682 

0.537 

0.359 


404  X 
414 


3.944 

2.540 

2.320 

1.854 
1  .743 
1.674 
1.716 
1.448 

1.097 
1 . 293 
1.000 
0.882 

0.694 

0.464 


404  X 
700 


4.472 

2.880 

2.630 

2.  102 
1  .976 
1.898 
1.946 
1.641 

1.244 
1 . 466 
1.134 
1.000 

0.786 
0 . 526 


502  X 
510 


5.687 

3.663 

3.344 

2.673 

2.513 

2.414 

2.475 

2.087 

1.582 
1 . 864 
1.442 
1  .272 

1 . 000 
0 . 669 


603  X 
700 


8.502 

5.475 

5.000 

3 . 996 
3.756 
3.608 
3.699 
3.120 

2.365 
2 . 786 
2.156 
1.901 

1 . 495 
1 . 000 


The  Can  Chart 


The  various  relations  among  can  sizes  and  /  are  shown  in 
iart  can  be  used  in  many  ways  as  a  little  study  will  reveal. 


Fig.  7.3.  This 
For  instance, 
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I-  2  3  4  5  6  7  8  9[0  20  40  60  80  iOO  120  i40  160  180  200  220 

Con  length,  in  f 

Fig.  7.3.  llelationship  between  can  size,  thermal  diffusivity,  and  slope  of  heat-penetration  curve. 
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sing  the  data  of  our  previous  examples,  given  /  =  60  for  a  307  X  409 'can 
e  find  f  =  GO  on  the  right  side  of  the  chart,  and  go  up  until  we  reach  tf 
arizontal  line  corresponding  to  a  307  X  409  can.  From  this  point  we 
illow  the  lines  of  constant  thermal  diffusivity  until  the  honzontal 
>3  x  700  line  is  reached.  Then  we  go  down  to  the/scale  to  find/  -  18/ 

ir  the  603  X  700  can. 

Index  Numbers 


The  index  number  of  a  given  material  is  defined  to  be  one-tenth  of  the 
calue  of  that  material  in  a  603  X  700  can.  This  concept  was  originally 
tended  to  provide  a  simple  means  of  expressing  a  measure  of  the  thermal 
iffusivity  in  terms  of  experimentally  determined  values  of  /.  4  hus,  it 

=  180  for  a  given  product  in  a  603  X  700  can,  the  index  number  is  18, 
id  if  for  another  product  in  a  603  X  700  can,  /  =  150,  its  index  number 
15.  This  concept,  sound  and  apparently  fulfilling  a  definite  need,  did 
ot  meet  the  fate  it  seemed  to  deserve,  for  it  never  became  popular.  We 
ispect  one  reason  to  be  that  this  index  number  does  not  carry  a  readily 
mceived  significance  in  respect  to  the  popular  sizes  of  cans.  A  con- 
ibuting  factor  might  have  been  confusion  that  was  introduced  by  the 
roken  heating  curve.  At  any  rate,  the/  value  for  a  307  X  409  can  found 
tvor  as  an  index  in  spite  of  the  fact  that  this  concept  never  received  a 
ame.  In  the  industry,  it  has  become  customary,  when  speaking  of  the 
eating  rates  of  various  food  products,  to  refer  to  “the  /  value  for  a 
37  X  409  can”  rather  than  the  “product  index  number.”* 


The  Infinite  Slab 


The  object  of  this  section  is  to  provide  a  detailed  analysis  of  the  infinite 
ab  with  a  view  to  obtaining  the  j  and  /  values  for  various  initial  tem- 
erature  distributions.  The  infinite  slab  has  been  chosen  for  this  study 
mply  because  the  mathematics  is  easier  than  that  of  either  the  infinite 
[■  the  finite  cylinder.  No  difficulty  should  be  experienced  in  relating  the 
isults  from  the  infinite  slab  to  other  objects.  A  highlight  of  this  section 
the  demonstration  of  a  finite  point  discontinuity  in  the  curve  showing 
values  for  certain  initial  temperature  distributions.  Aside  from  the 
ovelty  of  a  point  discontinuity  in  a  practical  problem,  it  is  highly 
istructive  to  observe  and  appreciate  the  mathematical  rigor  essential 
3  heating  problems  of  this  type. 

We  shall  assume  the  slab  is  of  thickness  l,  of  uniform  constant  thermal 
iffusivity,  the  surfaces  are  at  zero  temperature,  and  the  initial  tempera- 
are  distribution  is  given  by  f(x),  where  x  is  the  distance  from  one  of  the 
ices.  The  temperature  at  the  center  (x  =  y2)  is  then  given  by  (6.2). 


*  It  is  a  bit  ironical  that,  in  recent  years  in  the  United  States,  for  processed  foods, 
ie  JNo.  2  can  has  been  almost  completely  displaced  by  the  No.  303  can. 
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For  large  values  of  t  this  becomes 


f{x)  sin  ~  dx 


(7.22) 


Since  it  is  our  object  to  find  j  for  various  initial  temperature  distributions, 
it  is  wise  to  choose/(x)  to  represent  conditions  frequently  found  in  practice. 
Consider,  for  example,  a  slab  which  is  at  the  uniform  initial  tempera¬ 
ture  T'0  and  is  then  heated  (or  cooled)  tf  min  at  T[  deg.  After  heating 
t!  min,  the  heating  temperature  is  suddenly  changed  to  Tx  deg.  The  tem¬ 
perature  T'  throughout  the  slab  at  the  start  of  the  new  heating  period 
will  be  given  by  (7.3).  For  t'  sufficiently  large,  this  becomes 

,  t[  -  r  4 

u  =  TrT, - =  -  Sill 

1  1  “  1  0  ^ 

Solving  for  T' ,  we  have 

T'  =  A  sin  y  +  B  (7.24) 

where  A  T[)  exp  (- (7.25) 

and  B  =  T[ 

Let  T'  =  f(x)  and  the  integral  in  (7.22)  becomes 

l  si"  T  dx  =  1  (f  +  2Jf)  (72<i) 


Therefore  (7.22)  may  be  written 


u 


+ 


4  B\ 
-jexp 


(7.27) 


We  must  guard  against  erroneously  concluding  that  j  =  A  +  4 B  tt, 
for  by  definition,  j  =  I  a/ U-  As  mentioned  in  the  discussion  of  canonical 
temperature  scales,  u  is  most  convenient  when  u0  =  1,  and  under  other 
circumstances  care  will  be  required.  This  is  such  a  case.  From  (7.27), 
we  get  I  a  =  A  +  4Btt.  To  find  =  h,  we  set  z  =  V2  m  (7.24)  and 
get  u0  =  A  +  B.  Therefore 

.  _  I A  _  A  +  4Z?/tt 
3  -  To  _  TT  B 

.  _  1  +  4B/tA  (7.28) 

or  J  -  i  +  B/A 


We  see  then  that  j  is  a  function  of  the  ratio  B/A . 
T'{)  T[,  and  t' ,  B/A  may  assume  any  value  we  please. 


By  suitable  choice  of 
Figure  7.4,  showing 
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owj  varies  according  to  B/A ,  is  worthy  of  study,  for  it  sheds  consider- 
ble  light  on  the  manner  in  which  the  initial  temperature  distribution 
ffects  the  j  value.  We  note  first  that  as  B/A  — >  ±  °° ,  J  — >  4/t,  the  value 
>r  a  uniform  initial  temperature  distribution.  This  is  as  it  should  be, 
)r  as  \B/A  |  increases,  the  initial  temperature  distribution  becomes  more 
inform.  Of  interest  also  is  the  fact  that  j  =  1  when  B/A  =0.  Since 
i  this  case  f(x)  =  A  sin  (tx/1),  the  orthogonal  property  of  the  trigono- 
letric  functions  is  responsible  for  this  behavior.*  When  B/A  =  —  1, 


j 


e _ initial  temperature  at  the  center  equals  the  heating  temperature 

-  0,  and  the  entire  concept  of  j  breaks  down.  The  mathematics  tells 
this  with  the  result  j  =  ±  oo . 


Theanalysis,  so  far,  has  been  simple  and  direct,  but  when  we  consider 
.  r  V4,  something  most  interesting  takes  place.  By  (7  28)  j  =  0 
ns  implies  a  vertical  asymptote,  which  means  that  the  center  tempera- 
re  reaches  the  heating  temperature  in  a  finite  length  of  time  and  remains 

ItvisThaT  ba5,C,la"'S  °f  heat‘ng-  The  source  of  this 

Ity  is  that  under  these  conditions,  the  first  term  in  (6.2)  vanishes  and 

^have  neglected  the  fact  that  the  succeeding  term  must  take  its  place 
"  Cf-  example  3,  p.  1()4,  in  Churchill  [1]. 
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since  it  gives  rise  to  a  perfectly  valid  asymptote.  Therefore,  in  (6.2) 
we  let 

f(x)  =  A  ^sin  y  ~z)  (7.29) 

and  take  the  second  term  (m  =  2)  since  the  first  vanishes.  This  gives  us 

u  =  j  exp  (7.30) 

Setting  x  =  Yi  in  (7.29)  we  have 


and  by  (7.30), 

Therefore 


I  a  = 


A 

3 


1 

3(1  -  tt/4) 


1.56 


We  have  thus  established  the  existence  of  a  finite  point  discontinuity 
in  an  otherwise  continuous  function.  This  is,  to  the  best  of  the  authors’ 
knowledge,  the  first  time  such  a  mathematical  peculiarity  has  been  dem¬ 
onstrated  in  an  “engineering”  function.  It  clearly  shows  the  need  of 
mathematical  rigor  in  dealing  with  problems  of  this  nature. 

An  independent  check  can  be  provided  by  showing  that  if  f(x)  is  given 

by  (7.25), 

u' =  A  exp  (  —  7 t-0)  +  BS(0)  (7.31) 

where  S(fi)  is  the  function  displayed  in  (6.6).  Plotting  (7.31)  with 
B/A  =  —tt/4  and  getting  I  a  and  /„  from  the  graph,  we  find  that 
IA  =  0.333,  /o  =  0.214,  and  j  =  0.333/0.214  =  1.56. 


EFFECT  OF  SURFACE  CONDUCTANCE  ON  j 


Heretofore  in  this  chapter,  we  have  considered  the  surface  conductance 
to  be  infinite— a  valid  assumption  when  processing  foods  in  steam  In 
some  applications  of  heat  transmission,  surface  conductance  is  not  infinite. 
To  increase  the  breadth  of  the  field  of  application  of  the  mathematics  i 
this  chapter,  it  is  of  interest  to  determme  the  effect  of  a  finite !  sur fa 
conductance  on  j.  For  this  purpose,  we  shall  assume  a  uniform  mit.a 

,C  For  the'Mnite  slab,  we  refer  to  (6.20)  and  (6.13)  and  find  by  inspection 
that 
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/here  0i  is  the  first  positive  root  of 

y  cot  0  =  0 

from  (6.29)  and  (6.30),  the  j  value  for  the  infinite  cylinder  is 

•  j_  2 

Jc  ~  (1  + 


(7.33) 


rhere  m  =  k/ah  and  /3 1  is  the  first  root  of  ./0(/d)  = 

The  j  value  for  the  finite  cylinder  is  found  by  multiplying  (7.32)  by 
F.33).  Table  7.9  gives  j  for  various  values  of  ha/k  and  hl/2k.  It  is 
bvious  that  j  is  not  only  a  function  of  the  ratio  of  length  to  diameter 
ut  of  the  size  (large  or  small)  of  the  container  as  well.  Practically 
peaking,  this  observation  must  be  restricted  to  air  cooling  only  since 
'/2 k  and  ha/k  will  be  of  the  order  100  to  10,000  for  cans  of  food  heating 
i  steam  or  water  (see  Chap.  9). 


Table  7.9.  j  Values  for  Finite  Cylinder  with  Finite 
Surface  Conductance 


ha 

0.5 

1 

2 

4 

6 

8 

00 

0.5 

1.165 

1.27 

1.40 

1.54 

1.60 

1.62 

1.68 

1 

1  . 198 

1.31 

1.44 

1.58 

1.65 

1.67 

1.72 

2 

1.24 

1.36 

1.50 

1.65 

1.72 

1.74 

1  . 80 

4 

1.31 

1.43 

1.58 

1.73 

1.80 

1.83 

1.89 

6 

1.35 

1.46 

1.62 

1.78 

1.85 

1.88 

1  .94 

8 

1.37 

1.49 

1.65 

1.80 

1.88 

1.91 

1.97 

10 

1.38 

1.50 

1.66 

1.82 

1.90 

1  .93 

1.99 

15 

1.40 

1.53 

1.69 

1.85 

1.92 

1.95 

2.02 

00 

1.42 

1.55 

1.71 

1.87 

1.95 

1.98 

2.04 

EFFECT  OF  SURFACE  CONDUCTANCE  ON  / 

The  theoretical  expression  for  /  when  the  surface  conductance  is  finite 

"  "V!  e  same  manner  as  (7  0>  but  usi'ig  product  of  (0.20) 
id  (6.30).  Doing  so  we  find  that 


2.303  j  =  (\p  +  Mls)a* 


iere  and  mi  are  the  first  roots  of  (6.13)  and  (6.29) 
•  34)  we  derive  the  relation 


,  respectively. 


2,303 

af 


V  +  Ml2 


(7.34) 

From 


(7.35) 
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\  allies  of  2.303/ af  are  displayed  in  Table  7.10  for  various  combinations 
of  ha/k  and  hi /2k. 


Table  7.10.  Values  of  2.303/“/  for  Finite  Cylinder  with  Finite 

Surface  Conductance 


hi  I 

ha  2  k  j 

0.1 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

CO 

0.1 

0.29 

0 . 98 

1.68 

2.66 

3.12 

3.74 

4.06 

4.30 

4.48 

4.63 

4.76 

4.85 

5.88 

0.5 

0.62 

1  .31 

2.01 

2 . 99 

3.45 

4.07 

4.39 

4.63 

4.81 

4.96 

5.09 

5.18 

6.21 

1.0 

0.94 

1.62 

2.32 

3.20 

3.76 

4.38 

4.70 

4.94 

5.12 

5.27 

5.40 

5.49 

6  52 

2.0 

1.36 

2.04 

2.74 

3.72 

4.18 

4.80 

5.12 

5.36 

5.54 

5.69 

5.82 

5.91 

6.94 

3.0 

1.62 

2.30 

3.00 

3.98 

4.44 

5.06 

5.38 

5.62 

5.80 

5.95 

6.08 

6.17 

7.20 

4.0 

1.78 

2.47 

3.17 

4.15 

4.61 

5.23 

5.55 

5.79 

5.97 

6.12 

6.25 

6.34 

7.37 

5.0 

1.82 

2 . 60 

3.30 

4.28 

4.74 

5.36 

5.68 

5.92 

6.10 

6.25 

6.38 

6.47 

7.50 

6.0 

2.02 

2.70 

3.40 

4.38 

4.84 

5.46 

5.78 

6.02 

6.20 

6.35 

6.48 

6 . 57 

7.60 

7.0 

2.10 

2.78 

3.48 

4.46 

4.92 

5.54 

5.86 

6  10 

6.28 

6.43 

6.57 

6.65 

7.68 

8.0 

2.16 

2.84 

3.54 

4.52 

4 . 98 

5.60 

5.92 

6.16 

6.34 

6.49 

6.62 

6.71 

7.74 

9.0 

2  20 

2.88 

3.58 

4.56 

5.02 

5.64 

5.96 

6.20 

6.38 

6.53 

6.66 

6 . 75 

7.78 

10.0 

2.24 

2.93 

3 . 63 

4.61 

5.07 

5 . 69 

6.01 

6.25 

6.43 

6.58 

6.71 

6.80 

7.83 

00 

2.66 

3.35 

4.05 

5.03 

5.49 

6.11 

6.43 

6.67 

6.85 

7.00 

7 . 13 

7.22 

8.25 

Equation  (7.35)  may  be  rewritten 

_  2.303 

J  ~  (Xi2  +  mi2)« 


(7.36) 


Referring  to  Table  6.1,  we  note  that  m  is  proportional  to  the  surface  con¬ 
ductance  h  and  that  0  =  Xa  increases  with  m.  Therefore  X  increases 
with  h.  Similarly,  m  increases  with  h.  Therefore,  by  (7.36),  f  decreases 
with  increase  in  the  surface  conductance  h. 


SUMMARY 


The  origin  of  the  heating-curve  functions  /  and  j  has  been  discussed  in 
some  detail  in  Chap.  7.  These  functions,  along  with  the  2  and  F  t unc¬ 
tions,  described  in  Chap.  4,  and  the  heating-curve  parameters  Tl  and  H 
described  in  Chaps.  5,  6,  and  8,  are  the  essence  of  any  procedure  tor  t 
mathematical  evaluation  of  a  heat-sterilization  process.  An  unde - 
standing  of  their  natures  is  essential  to  a  thorough  comprehension  of  cal¬ 
culation  procedures.  The  value  of  each  must  be  established  before 
calculation  can  be  undertaken,  and  these  six  values  constitute  an  adequa 
premise  for  such  a  calculation. 
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SYMBOLS 


Parameter  of  a  function.  See  Eq.  (7.25). 

Constant  depending  on  To  distribution. 

Diameter  of  finite  cylinder  or  sphere,  thickness  of  infinite  slab,  width 
of  rectangular  prism,  or  length  of  rectangular  parallelopiped  (brick). 

See  Chap.  6. 

(=  T[)  Heating  temperature  when  initial  temperature  =  T0. 

Constant  depending  on  To  distribution. 

Thickness  of  rectangular  prism,  width  of  brick,  length  of  finite  cylinder 
(see  l). 

First  positive  root  of  m  cot  /?  =  /3. 

Thickness  of  brick. 

Diameter  of  finite  cylinder  (can). 

See  Chap.  5. 

Product  of  /  and  thermal  diffusivity. 

/  values  of  heating  curves  for  cans  of  specific  sizes. 

Can  factors  for  cans  of  specific  sizes. 

See  Chap.  6. 

See  Chap.  5. 

wth  order  Bessel  function  of  x. 


See  Chap.  5. 

j  value  for  infinite  cylinder. 
j  value  at  geometric  center  of  finite  object. 
j  value  for  infinite  slab. 

See  Chap.  6. 

(=  2b)  Length  of  finite  cylinder  (can).  See  Chap.  5. 

( =  ha/k)  A  parameter  in  a  function. 

(=  hl/2k)  A  parameter  in  a  function. 

Number  of  log  cycles  between  origin  and  point  of  tangency  on  heating 
curve  of  straight  line  that  is  accepted  as  representing  heating  curve 
See  Chap.  14  for  a  different  definition. 

See  Chap.  6. 

Cylindrical  coordinates. 


(-  62/a2)  A  parameter  in  a  function, 
definition. 


See  Chap.  14  for  a  different 


See  Chap.  6. 

See  Chap.  5. 

Temperature  in  finite  cylinder  about  0.1  in. 
T i  begins. 

See  Chaps.  5  and  6. 


in.  from  wall  when  heating  at 


[  p/(2.344<2  +  1)]  A  parameter  of  a  function. 

Rectangular  Cartesian  coordinates. 
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HAPTER  8 

ATHEMATICS  OF  CONVECTION  HEATING 


CONVECTION  HEATING  IN  CYLINDRICAL  CONTAINERS 


The  mathematics  of  convection  heating  as  given  in  this  chapter,  in 
ntrast  to  that  of  conduction  heating,  is  of  the  utmost  simplicity,  not. 
cause  the  subject  is  simple,  but  because  comparatively  little  work  has 
en  done  in  this  field.  As  far  as  we  are  aware,  only  five  papers  have 
en  published  dealing  specifically  with  convection  heating  in  cans.  One, 

■  Schultz  and  Olson  [6],  develops  a  simple  theory  on  the  basis  of  one 
sumption  as  to  the  temperature  distribution  in  the  can.  Another,  by 
cada  [5],  combines  hydrodynamics  with  dimensional  theory  to  correlate 
e  physical  factors  influencing  the  heating  rates.  The  other  three  f  1 ,2,4] 
esent  results  of  studies  of  temperature  distribution  during  heating  by 
igerson,  Esselen,  McConnell,  and  Licciardello. 

Schultz-Olson  Theory 


In  studies  on  temperature  distribution  in  containers  heating  by  con- 
ction,  it  was  found  that  a  large  central  core  of  liquid  is  at  a  fairly  uni- 
rm  temperature  throughout.  As  a  limiting  case,  it  is  postulated  that 
e  temperature  at  all  points  in  the  container  will  at  every  instant  be  the 
me.  It  must  be  understood  that  this  is  a  situation  which  is  only  approx- 
:ated  m  practice  and  which  might  be  considered  to  represent  one  type 
ideal  thermal  convection.  Note  also  that  if  this  were  strictly  true,'  no 
nvection  would  be  possible  since  temperature  differences  are  required 
produce  convection  currents. 

Assuming  the  conditions  for  ideal  thermal  convection,  let  T  represent 
e  temperature  of  the  container  at  time  t.  When  t  =  0,  we  assume  that 
e  surface  of  the  container  is  instantly  raised  to  the  temperature  7,  and 

a‘  *™P«ature  thereafter.  I.et  Q  be  the  quantity  of 
at  in  the  contents  of  the  container.  Then 


Q  —  cpVT  -f-  constant 
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(8.1) 
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where  c  =  specific  heat  of  contents 
p  =  density  of  contents 
V  =  volume  of  container 

The  rate  at  which  heat  enters  a  unit  area  of  the  container  surface  will  be 
proportional  to  the  temperature  difference  7\  —  T  =  I.  Then  the  rate 
at  which  the  quantity  of  heat  Q  increases  is 

^  =  UA(T,  -  T)  (8.2) 

where  U  =  over-all  coefficient  of  heat  transfer 


A  =  surface  area  of  container 
Differentiating  (8.1)  we  get 


dQ  T T  dT 

a  =  cp '  it 

(8.3) 

Substituting  in  (8.2),  we  obtain 

dT 

^  =  K(Ti  -  T) 

(8.4) 

,  „  _  UA 

where  ^  ^ 

(8.5) 

The  integral  of  (8.4)  is 

T  =  1\  —  (7’i  -  To)  e~K' 

or  r  =  7\  -  (: T !  -  To)  10-°-434K‘ 

(8.6) 

(8.7) 

The  constant  of  integration  is  chosen  so  that  T  —  rI\  when  t  —  0.  Ihis 
is  the  equation  giving  the  temperature  in  the  can  at  time  t.  W e  note  that 

j  =  1 

f  —  * _  -  2  303  Cp— 

J  ~  0.434/C  ^  UA 

(8.8) 

These  equations  are  worthy  of  some  study.  The  dependence  of  /  on  c 
and  p  is  not  of  great  importance  since  c  and  p  are  practically  constant  for 
all  food  products  (in  the  metric  system  both  are  close  to  unity,  the  values 
for  water).  The  fact  that  the  theory  predicts  j  =  1  and  that  experi¬ 
ments  show  j  to  be  less  than  unity  can  be  explained  readily,  and  the  expla¬ 
nation  strengthens  the  theory  considerably.  The  magnitude  of  U  vanes 
directly  with  the  strength  of  the  convection  currents  in  the  can.  ® 
convection  currents  are  strongest  at  the  start  of  heating,  and  they  fal  o 
as  heating  progresses.  We  may,  therefore,  expect  U  to  diminish  as 
increases.  As  the  convection  currents  decrease,  conduction  heating 
dominate  and  U  will  become  essentially  constant.  Therefore  /  wi 
small  at  the  start  of  heating  and  will  increase  to  a  constant  value. 
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nation  in  /  gives  rise  to  a  value  of  j  which  will  be  less  than  unity.* 
e  behavior  is  shown  graphically  in  Fig.  8.1. 

The  dependence  of  /  on  the  ratio  V/A  is,  however,  of  most  practical 
erest.  Consider  two  containers  of  different  sizes,  each  containing  the 
ne  food  product.  Let  c,  p,  V,  U,  A,  and  c' ,  p' ,  1  Uf,  A'  be  the 
entities  corresponding  to  the  two 
itainers.  We  have  from  (8.8) 

f  —  9  SOS  Cp— 

J  -  Z.ovo  UA 

c'o'V' 

y  =  2.303 

e  ratio  is 

/  cpU'VA' 
f  c'p'UV'A 


(8.9) 


ice  /  is  determined  some  time 
er  heating  has  been  in  progress, 
is  approximately  equal  to  U'. 
have  already  mentioned  that  c 
d  p  are  practically  constant  for 
foods.  Therefore,  we  may  write 
9)  as 

/  _  VA' 
f  V'A 


(8.10) 


Fig.  8.1.  Curve  showing  how  an  initially 
high  heating  rate  gives  rise  to  a  j  value 
lower  than  unity. 


e  practical  value  oi  (8.10)  is  that  if  f  has  been  determined  for  one 
itainer  size,  it  can  then  be  computed  for  any  other  container  size, 
f  the  containers  are  cylindrical,  the  surfaces  and  volumes  may  be 
tressed  in  terms  of  the  radius  a  and  the  length  l.  Then  (8.10)  becomes 

o,l  af  -f-  V 


f  =  r 


a  +  l  a'l' 


(8.11) 


e  quantity  al/(a  +  l)  is  called  the  “can  factor  for  convection  heating,, 
d  may  be  computed  from  a  knowledge  of  the  dimensions  of  the  ct 
lues  for  the  common  container  sizes  are  given  in  Table  8.1. 


•ans. 


APPLICATION 

Sy  experiment,  it  is  found  that  /  =  2.9  for  a  certain  product  in  a 
XU  can.  VY  hat  is  the  corresponding  /  in  a  603  X  700  can?  We 
d  the  can  factors  1.3412  and  2.0708  for  the  401  X  41 1  and  603  X  700 

It  should  be  possible  to  get  a  good  eorrelation  between  U  TT  ™  i  •  i 
he  initial  ami  V.  the  final  coefficient  of  heat  tracer  ’  "  ^  U' 
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cans  respectively  (Table  8.1).  These  values  substituted  in  (8.11)  give 

/=  2^708 

1  J  1.3412  “  4  0 


Experimentally,  f  4.7.  If  can  factors  for  conduction  heatina  are  use 
(Table  7.7),  /  =  G.9  by  calculation. 


Table  8.1.  Can  Factors  for  Convection  Heating 
,  _  ,  can  factor  B 
'  u  A  can  factor  A 


Can  Size 

Factor 

Can  Size 

Factor 

202 

X  214 

0.7292 

307 

X 

306 

1.0603 

202 

X  308 

0.7744 

307 

X 

400 

1 . 1292 

208 

X  211 

0 . 7868 

307 

X 

408 

1 . 1735 

211 

X  300 

0.8629 

307 

X 

409 

1 . 1785 

211 

X  304 

0.8883 

307 

X 

510 

1 . 2496 

211 

X  400 

0 . 9490 

307 

X 

512 

1.2566 

211 

X  414 

1 . 0464 

401 

X 

411 

1.3412 

300 

X  407 

1 . 0593 

404 

X 

414 

1.4169 

300 

X  409 

1 . 0676 

502 

X 

510 

1 . 7356 

303 

X  406 

1 . 1020 

603 

X 

408 

1.7410 

303 

X  509 

1 . 1761 

603 

X 

700 

2 . 0708 

303 

X  512 

1 . 1855 

603 

X 

812 

2.2156 

307 

X  302 

1 . 0273 

Table  8.2.  /  Conversion  Factors  for  Convection  Heating 
Jb  =  /a  X  conversion  factor  ^ 


B 

\  desired 
can 

A  \  size 
original  \ 
can  \ 

size  \ 

202  X 
214 

21 1  X 
304 

21 1  X 
400 

300  X 
407 

301  X 
411 

303  X 

406 

307  X 
306 

307  X 
409 

401  X 

411 

404  X 
307 

404  X 

414 

404  X 
700 

502  X 
510 

603; 

70C 

202  X  214 
211  X  304 
211  X  400 

300  X  407 

301  X  411 
303  X  406 
307  X  306 
307  X  409 

401  X  411 
404  X  307 
404  X  414 
404  X  700 

502  X  510 

603  X  700 

1.000 

0.821 

0.768 

0.688 
0 . 667 
0.662 
0 . 688 

0.619 

0.544 
0 . 590 
0.515 
0.462 

0.420 

0.352 

1.218 

1.000 

0.936 

0.838 

0.812 

0.806 

0 . 838 
0.754 

0.662 
0.718 
0 . 627 
0.563 

0.511 

0.429 

1.301 

1.008 

1.000 

0.896 
0.867 
0.861 
0 . 895 
0.805 

0.708 
0 . 768 
0.670 
0.601 

0.547 

0.458 

1.453 
1  .  192 

1.116 

1.000 

0.968 

0.961 

0.999 

0.903 

0 . 790 
0.857 

0.748 

0.671 

0.610 

0.512 

1.500 

1.231 

1  .  153 

1.032 

1.000 

0 . 993 
1.032 

0.950 

0.816 

0.885 

0.772 

0.693 

0.630 

0.528 

1.511 

1.241 

1 . 161 

1.040 
1  .007 
1.000 

1  .039 

0 . 935 

0.822 

0.891 

0.778 

0.641 

0.635 

0.532 

1 . 454 

1  . 194 

1.117 

1.001 

0 . 969 

0.962 

1  .000 
0.900 

0.791 

0 . 858 
0.748 
0.672 

0.611 

0.512 

1.616 

1.327 

1.242 

1.113 
1.077 
1.069 
1 .111 
1  .000 

0.879 

0.953 

0.832 

0.740 

0.679 

0 . 569 

1.840 

1.510 

1.413 

1.266 

1.226 

1.217 

1.265 

1.138 

1.000 

1 . 085 
0.947 
0.849 

0.773 

0.648 

1.695 

1.392 

1.304 

1 . 167 

1.130 

1.122 

1.166 

1.049 

0.922 

1.000 

0.873 

0.783 

0.718 

0.597 

1  . 943 

1.595 

1.493 

1  .338 
1.295 
1.286 
1.336 
1.203 

1.056 

1.146 

1.000 

0.897 

0.816 

0.684 

2.165 

1.777 

1.664 

1.490 

1.443 

1.433 

1.489 

1.340 

1.177 

1.277 

1.114 

1.000 

0.910 

0.714 

2.380 

1.954 

1.829 

1.638 

1.587 

1.575 

1.637 

1.473 

1.294 

1.404 

1.225 

1.099 

1.000 

0 . 835 

2.84 

2.33 

2.18 

1.93 
1.89 
1  .87 
1.95 
1.75 

1.54 
1.67 
1 ,4C 

1.31 

1.19 

1.00 
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As  was  done  for  can  factors  for  conduction  heating  in  Chap.  7,  we  may 
prepare  from  Table  8.1  a  table  off  conversion  factors  for  convection  heating 
(Table  8.2).  With  the  use  of  Table  8.2,  the  above  problem  is  solved  by 
multiplying  2.9  by  1.544. 


A  METHOD  OF  MEASURING  THE  INTENSITY  OF  CONVECTION  CURRENTS 

IN  CONTAINERS 

In  studying  the  heat-penetration  characteristics  of  canned  foods,  it  may 
be  of  interest  to  study  the  effect  of  convection  currents  in  the  container. 
In  any  actual  case,  the  heating  effect  is  due  to  a  combination  of  conduc¬ 
tion  and  convection  heating.  It  is  possible  to  assign  a  number  to  any 
food  product  which  is  a  measure  of  the  intensity  of  the  convection  currents 
in  the  container. 

Let  Cd  be  the  /  conversion  factor  for  conduction  heating  and  Cv  the 
corresponding  factor  for  convection  heating.  Assume  the  slope  of  the 
heating  curve  is  known  for  two  container  sizes.  Let  these  be  f  and 
If  the  heating  is  by  conduction  alone,  /,  for  the  second  container  size, 
becomes  fCd]  if  the  heating  is  by  convection  alone,  /,  for  the  second 
container  size,  becomes  fCv.  Then  the  expression 


r  =  fc*  -  r 

fCd  -  fCv 


(8.12) 


will  have  a  value  which  can  be  interpreted  as  a  measure  of  the  amount  of 
convection  taking  place  in  the  can.  For  pure  conduction  fCd  =  /'  and 
C  =  0.  For  pure  convection  fCv  =  /'  and  C  =  1.  Thus  C  takes  on 
values  trom  0  to  1,  depending  on  the  amount  of  convection  taking  place 
in  the  container.  C  may  be  called  the  convection  index. 

Example 

Let  /  =  2.9  in  a  401  X  411  can 
f  =  4.7  in  a  603  X  700  can 


then 


and 


fCv  =  2.9  X  1.544  =  4.5 
fCd  =  2.9  X  2.365  =  6.9 


C  = 


6.9  -  4.7 

6dT^L5 


2.2 

2T  "  °'92 


It  must  be  emphasized  that  this  method  serves  only  to  indicate  whether  convec- 
tion  is  more  important  in  one  product  than  in  another.  There  are  too  many 
undefined  and  unknown  factors  involved  to  warrant  a  great  deal  of  confidence  in 
is  method  A  considerable  amount  of  experimental  work  will  be  necessary  to 

produT6  C°rrelatlon  between  C  and  the  physical  properties  of  the  food 
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The  Okada  Theory 

1  he  Okada  theory  is  of  an  entirely  different  character  from  the  oi 
just  given.  W  e  shall  not  present  the  derivation  here,  but  merely  sta 
that  Okada  begins  with  the  equations  of  motion  and  heat  flow 

<5W  .  !  1 

p  -ft  +  p |wV|w  =  -  Vp  +  77V2w  -j-  -  r)V  ■  Vw  +  gp  (8.1 

and  —  +  [wV]w  =  aVhi  (8.1 

where  w  =  velocity  (vector) 
p  =  pressure 
77  =  viscosity 

g  =  acceleration  of  gravity  (vector) 

With  these  two  equations  and  dimensional  theory,  he  finds  that  the  rat 
u/uo  may  be  expressed  in  two  ways: 

U„  =  F  \T  T  T  F  Nu’  Ro'  Pe)  (81' 

or  —  =  F  (7.  f,  Nu,  Gr,  Pr)  (8.H 

u0  \l  I  l  r  / 

where  x,  y,  z  =  rectangular  coordinates 

l  =  a  representative  dimension  of  container 
Nu  =  Nusselt  number 
Re  =  Reynolds  number 
Pe  =  Peclet  number 
Gr  =  Grasshoff  number 
Pr  =  Prandtl  number 

The  expressions  (8.15)  and  (8.16)  should  be  useful  in  correlating  exper 
mental  data  in  the  manner  now  in  vogue  among  chemical  engineers 
Unfortunately,  data  have  not  as  yet  been  used  in  this  manner  to  01 
knowledge.  While  the  labor  involved  will  be  great,  the  results  should  1 
worthwhile. 

Convection  in  Canned-foods  Processing 

In  the  heat  processing  of  canned  foods,  heat  transmission  by  convectic 
occurs  in  foods  that  are  composed  either  wholly  or  in  part  of  liquid  of  lo 
enough  viscosity  to  permit  it  to  respond  to  the  force  of  gravity  when  noi 
uniform  density  is  produced  in  it  through  heating;  also,  in  foods  thi 
contain  voids  of  sufficient  size  to  accommodate  a  flow  of  liquid  or  of  vapo 
Examples  of  foods  that  consist  wholly  of  liquid  of  low  viscosity  ai 


*  See  McAdams  [3,  Chaps.  7  and  8]. 
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juices  of  vegetables  and  fruits  containing  no  solid  pieces  of  appreciable 
size.  Homogeneous  comminuted  foods,  such  as  purees,  usually  are  of 
sufficiently  high  viscosity  to  prevent  any  substantial  amount  of  convec¬ 
tion  heating  to  take  place.  Artificial  convection  is  sometimes  induced  in 
high-viscosity  products,  however,  by  agitating  the  containers  during 
processing  by  the  methods  described  in  Chap.  2. 

Products  composed  in  part  of  liquid  include  brine-  and  water-packed 
vegetables,  syrup-  and  water-packed  fruits,  and  most  foods  packed  by  the 
method  known  conventionally  as  “vacuum  packing.”  The  processing 
of  these  foods  Avas  extensively  discussed  in  Chap.  2,  but  one  point  deserves 
further  consideration.  That  is  the  effect  of  the  physical  dimensions  of 
the  solids. 

The  ratio  between  convection  and  conduction  heating  in  these  products 
depends  upon  (1)  the  size  and  shape  of  the  solid  pieces  of  food,  (2)  the 
manner  of  filling  the  product,  and  (3)  the  viscosity  of  the  liquid  portion 
of  the  product.  It  requires  a  longer  time  for  heat  to  be  transmitted  to 
the  center  of  a  large  solid  piece  than  it  takes  for  a  small  piece,  because 
the  heat  transfer  in  the  solids  is  by  conduction.  Therefore,  if  pieces  are 
to  be  sterilized  at  their  centers,  a  product  having  large  pieces  requires  a 
longer  process  than  a  product  having  small  pieces  of  similar  shape,  even 
though  the  liquid  in  the  interstices  of  the  two  products  is  the  same  and 

'he  rates  of  heating  by  convection  currents  in  this  liquid  is  essentially  the 
same  in  the  tAvo  products. 

01  greater  importance  than  the  size  of  pieces  is  the  shape  of  pieces.  I  n 
iractice,  as i  a .  rule,  little,  if  any,  difference  in  length  of  process  is  observed 
>ecause  of  difference  in  size  of  pieces  which  are  of  similar  shape  This  is 
ierhaps  due  to  the  fact  that  the  necessity  of  producing  sterilizing  action 

ccented  H  “  unmutll*ted  solid  Pie<*  <*  food  material  is  not  fully 
•ccepted.  However,  special  consideration  must  be  given  to  products 

dnch  are  packed  >„  slices  (sliced  beets,  for  example)  or  which  are  in  pieces 

eleryTelr^and  erl  ^  aspara«us<  green  and  wax  beans, 

tuery  nearts,  and  gieens  (spinach,  beet  tons  otr  )  x n™.  „  , 

0.'  beans  and  celery,  when  filled  “as«^ie  -  u  T’?"'1 

longer  time  is  used  when  the  stalks!  -IT  T  h,  T** of  asParagus, 
rocessed  with  tips  down  Th  r  proccssed  with  tips  up  than  when 
deference  ^ 

nother.  Also,  sliced  beets  retard  r  me  111  0ne  case  than  in 

*"  ^  -LXwdt  becomeTteiti- 
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fied  horizontally  and  they  produce  greater  interference  with  convectio' 
currents  when  the  stratified  layers  are  in  horizontal  position  than  whe? 
they  aie  oriented  vertically.  I  herefore,  a  longer  process  is  required  whe? 
the  container  axes  are  in  vertical  position  and  the  layers  of  product  an 
oriented  horizontally  than  when  the  containers  are  resting  on  their  side,* 
\  acuum-packed  products  contain  a  comparatively  small  amount  of  fro 
liquid;  thus,  at  least  half  of  the  interstices  among  the  solid  pieces  are  fille? 
with  gas  and/or  vapor.  1  he  use  of  agitation  during  processing  to  pr« 
duce  artificial  convection  in  the  liquid  portion  was  explained  in  Chap.  “ 
This  action  also  controls  the  currents  of  gas  and  vapor  in  the  interstice; 
When  the  containers  are  stationary  during  the  process,  however,  prin 
cipal  dependence  for  the  transmission  of  heat  to  the  central  portion  of  thi 
product  rests  in  the  movement  of  steam  to  those  portions  by  means  a 
natural  convection.  The  steam  condenses  on  the  surfaces  of  the  solii 
pieces,  giving  up  its  latent,  as  well  as  its  sensible,  heat  to  the  solid  piece; 
If  a  deficiency  in  vacuum  exists,  in  the  container  at  the  time  of  sealing 
there  is  a  quantity  of  air  left  in  the  container.  Because  of  the  convectioi 
currents  of  steam  and  air  moving  to  the  center  of  the  container,  this  ai 
tends  to  accumulate  in  the  interstices  among  the  food  pieces  at  the  centei 
thus  causing  a  substantial  reduction  in  the  rate  at  which  steam  can  flov 
to  the  surfaces  of  the  central  pieces  of  food.  Because  of  this  retardation 
the  rate  of  heat  penetration  is  lower  than  it  would  be  if  no  air  were  left 
in  the  container.  In  fact,  if  all  air  were  removed  from  the  container  befor 
sealing,  which  would  occur  if  the  liquid  in  the  bottom  of  the  container  wer: 
made  to  boil  vigorously  while  the  container  is  being  sealed,  the  rate  of  heas 
penetration,  for  most  products,  of  a  container  in  a  still  process  should  b: 
practically  equal  to  that  of  the  can  in  motion  during  the  process. 


SUMMARY 


With  the  presentation  of  the  mathematics  of  convection  heating  it 
Chap.  8,  we  are  just  one  step  from  completion  of  our  analysis  of  the  meas¬ 
urement  of  heat  dosage,  the  second  main  aspect  of  the  premises  of  proces- 
calculation.  Up  to  now  we  have  studied  the  measurement  and  recording 
of  the  effects  of  heat  treatment.  There  remains  to  be  studied,  in  Chap. 
the  manner  in  which  heating  is  accomplished,  in  other  words,  the  mechanic 
of  the  movement  of  heat. 


SYMBOLS 


a 


C 

Cd 

cv 


A 


Surface  area  of  container. 

See  Chap.  6. 

Measure  of  amount  of  convection  taking  place. 
Conversion  factor  for  conduction  heating. 
Conversion  factor  for  convection  heating. 


MATHEMATICS  OF  CONVECTION  HEATING 


257 


,  Specific  heat  of  material  being  heated, 

r  See  Chap.  6. 

f /  /  value  of  a  specific  container. 

r  Acceleration  by  gravity  (vector). 

3r  Grasshof  number. 

j  Viscosity. 

(=  Ti  —  T)  Difference  in  degrees  between  heating  temperature  and 
temperature  of  material  at  time  t. 

See  Chap.  5. 

{  (=  UA/cpV )  A  parameter  in  a  function. 

Length  of  container,  or  a  representative  dimension  of  container. 

^u  Nusselt  number, 

i  Pressure. 

’e  Peclet  number. 

*r  Prandtl  number. 

i  Quantity  of  heat  in  contents  of  container, 

te  Reynolds  number. 

Density  of  material  being  heated. 

Temperature  of  material  being  heated  at  time  t. 

\  T i  See  Chaps.  5  and  6. 

Over-all  coefficient  of  heat  transfer, 
o  Initial  over-all  coefficient  of  heat  transfer. 

Tx  Final  over-all  coefficient  of  heat  transfer. 

See  Chaps.  5  and  6. 

Volume  of  container. 

Velocity  of  heat  convection  current  (vector). 

,  y,  z  See  Chap.  7. 

Laplacian  operator.  See  Chap.  G  regarding  its  use. 


LITERATURE  CITED 

I.  S.  Fagerson  and  W.  B.  Esselen,  Jr.:  Heat  Transfer  in  commercial  glass  containers 
during  thermal  processing,  Food  Technol.,  4 :(10) :41 1  (1950). 

I.  S.  Fagerson,  W.  B.  Esselen,  Jr.,  and  J.  L.  Licciardello :  Heat  transfer  in  com¬ 
mercial  glass  containers  during  thermal  processing.  II.  Distribution  in  foods 
heating  by  convection,  Food  Technol,  6:(6):261  (1951). 

lie  HNewCYorari954HCat  TranSmiSSi°n'’'  3d  od-  McGraw-Hill  Book  Company, 

John  E.  McConnell:  Effect  of  a  drop  in  retort  temperature  upon  the  lethality  of 
processes  for  convection  heating  products,  Food  Technol.,  6(2)  :76  (1952)  (f  is 
constant  for  different  positions,  j  varies.) 

simimu,i?kT'a:  "  p°TeCti0n  in  '“-shaped  space,  referred  to  the  laws  of 
militude,  Jap.  Soc.  Sci.  Fisheries  Bull.  9,  p  64  (1940) 

W„TersSChf  vlt,F'  ST  ?SOn:  Tl,0r,nal  Pr0r0SsinK  of  ““-d  foods  in  tin  con¬ 
vection.  FoolTZt  3^,938)"  "an  Si2e  f°r  Pr°dU0t8  lMatin8  «»- 


CHAPTER  9 


MECHANICS  OF  HEAT  TRANSFER 


HEAT  TRANSFER  ON  THE  OUTER  SURFACE  OF  THE  CONTAINER 

Steam 

When  a  container  is  in  an  atmosphere  of  steam,  heat  transfer  take 
place  mainly  by  condensation  of  the  steam  on  the  outer  wall.  Th 
manner  in  which  this  occurs  is  not  known  completely,  but  we  may  mat 
some  reasonable  conjectures  which  fit  in  well  with  other  observations.* 

Photographic  studies  made  on  the  condensation  of  steam  on  a  vertic; 
plate  showed  that  on  rusty  or  etched  plates  steam  condensed  in  a  coi: 
tinuous  film  over  the  entire  wall,  but  on  a  polished  surface,  the  condensat 
was  formed  in  drops  which  rapidly  grew  in  size  and  ran  down  the  plah 
Dropwise  condensation  could  also  be  brought  about,  for  a  while,  b 
coating  the  surface  with  a  thin  petroleum  oil  that  later  washed  awaj 
Dropwise  condensation  gave  coefficients  of  heat  transfer  four  to  eigb 
times  as  high  as  film  condensation,  and  the  latter  type  gave  result 
agreeing  with  the  theoretical  equation  of  Nusselt. 

Film-type  Condensation 

In  the  Nusselt  equation  for  predicting  the  coefficient  of  heat  transfe 
between  a  pure  saturated  vapor  and  a  colder  surface,  it  is  assumed  tha 
streamline  motion  exists  throughout  the  thickness  of  the  continuous  fill 
of  condensate  on  the  cooling  surface.  It  is  further  assumed  that  th 
force  of  gravity  alone  causes  the  flow  of  condensate  over  the  surface,  thu 
neglecting  the  possible  effect  of  vapor  velocity  upon  the  thickness  of  th 
condensate  film.  By  employing  the  definition  of  viscosity  and  assumin' 
zero  velocity  of  the  condensate  at  the  liquid-vapor  interface,  theoretica 
equations  were  obtained  for  the  thickness  of  the  film  of  condensate  at 

*  This  discussion  of  condensation  is  based  largely  on  material  in  Chap.  9  in  Mc¬ 
Adams  [8].  We  acknowledge  our  indebtedness  at  this  point  and  shall  not  burden  thJ 
text  with  quotation  marks.  Furthermore,  we  shall  omit  McAdams’s  references  t 
make  for  easier  reading. 
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iven  point  on  the  surface.  The  local  coefficient  of  heat  transfer  may 
len  be  calculated  upon  assuming  that  the  total  thermal  resistance  lies 
1  the  film  of  condensate,  through  which  the  latent  heat  of  condensation 
conducted,  neglecting  the  cooling  of  the  condensate  (the  transfer  of 
visible  heat).  Upon  assuming  that  the  temperature  difference  between 
all  and  vapor  is  constant  at  all  points,  the  resulting  theoretical  equations 
>r  the  mean  coefficients  of  heat  transfer  involve  the  thermal  conduc- 
vity,  viscosity,  and  density  of  the  condensate,  the  temperature  differ- 
ice  between  vapor  and  solid,  and  certain  dimensions  of  the  apparatus 
ontainers). 

Upon  increase  of  the  difference  in  temperature  between  saturated  vapor 
id  suiface,  it  is  clear  that  the  rate  of  heat  transmission  h  would  be 
creased  and  the  average  thickness  of  the  condensate  layer  would 
crease.  Since  heat  is  assumed  to  flow  through  the  condensate  film  by 
nduction  only,  it  follows  that  the  coefficient  of  heat  transfer  should 
crease  with  increase  in  the  temperature  difference.  Since  the  physical 
operties  involved,  especially  viscosity  of  the  gas,  depend  upon  tem- 

rature,  changes  in  film  temperatures  should  theoretically  affect  the 
efficient  of  heat  transfer. 


For  a  vertical  surface  of  height  L,  the  mean  film  conductance  is  given  by 


(9.1) 


ere  kf  -  thermal  conductivity  of  condensate 
Pf  =  density  of  condensate,  lb/cu  ft 
g  =  acceleration  due  to  gravity  (4.17  X  108  ft/hr/hr) 
Pf  =  absolute  viscosity  of  condensate  film  flb/(hr)  fftfl 
AT  -  temperature  difference  °F  between  wall  and  vapor 


Dropwise  Condensation 


dropwise  condensation  has  been  obtained  wit! 
er  vapors,  but  steam  is  the  only  pure  vapor  f. 
tee  of  dropwise  condensation  is  available.  T 


tinent. 


wmuxi  conclusive  evi- 
.ailable.  The  following  points  are 


vapor  for  which  conclusive  evi 


with  mixtures  of  steam  and 


Film-type  condensation  is  always  obtained 
sing  on  clean  surfaces,  whether  rough  or  sm 
sence  of  simnle  noncm-irlonor, _ 


simple  noncondensable  P'fl.SPK 


iys  obtained  with  clean  steam  con- 
rough  or  smooth,  regardless  of  the 

a.sp.Q 


P'fl.SPft 


is  obtained  only  when  the 


con- 


promoter”  that  prevents 


rocarbon  oils)  will  make 
se  that  are  adsorbed  or 
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If  the  surface  contaminant  reduces  the  interfacial  tension  sufficieni 
to  render  the  surface  nonwettable,  the  condensate  will  collect  in  drc.. 
that  grow  in  size  until  downward  forces  cause  them  to  roll  down  the  sr 
face.  Since  at  any  moment  a  substantial  fraction  of  the  condensing  sr 
face  is  free  of  condensate,  much  higher  rates  of  condensation  will 
obtained  with  a  given  temperature  difference  than  with  a  nonpromott 
or  wettable  surface  that  is  insulated  with  a  thin  film  of  condensate. 

It  has  been  found  that  only  two  monomolecular  layers  of  a  suitali 
promoter  are  sufficient  to  produce  dropwise  condensation  of  steam. 

For  dropwise  condensation,  published  values  of  h  (surface  coefficie* 
of  heat  transfer)  range  from  4,000  to  17,000,  whereas  for  film-type  cc. 
densation,  values  from  080  to  6,500  have  been  found.  These  values  a 
of  particular  interest  in  estimating  the  magnitude  of  ha/k,  which  quanti 
is  the  determining  factor  in  the  choice  of  appropriate  boundary  conditio:1 
as  discussed  in  Chaps.  6  and  7.  Since  the  lowest  measured  h  is  680,  ’ 
can  be  fairly  safe  in  assuming  that  under  no  conditions  in  the  retort  won 
h  be  less  than  100.  The  largest  dimension  in  any  commonly  used  ste' 
lized  food  container  is  less  than  1  ft,  and  we  may  also  assume  the  ma 
inuim  k  ever  to  be  encountered  is  less  than  0.5.  Therefore,  under  theve 
worst  conditions,  ha/k  must  be  greater  than  100  X  1/0.5  =  200.  A‘ 
found  in  Chap.  7,  Table  7.9,  that  when  ha/k  was  greater  than  10,  we  coil 
consider  the  surface  conductance  infinite  as  far  as  its  effect  on  the  hea 
ing  lag  and  the  temperature  distribution  are  concerned. 

Another  observation  is  worth  mentioning.  W  ith  glass  containers,  co. 
densation  is  apt  to  be  of  the  film  type  because  no  promoter  is  likely 
be  present.  On  the  other  hand,  we  may  expect  dropwise  condensate 
to  be  quite  frequent  with  many  types  of  tin  cans,  since  palm  oil  or  oth 
lubricant  is  used  in  finishing  hot-dipped  tin  plate,  and  additional  lubncan 
are  often  used  on  plate  from  which  ends  are  foimed. 


Air  and  Water 
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)f  dimensionless  ratios,  of  the  physical  and  geometrical  quantities 
nvolved.  For  instance,  for  fluids  flowing  over  a  bank  of  tubes,  the  heat- 
ransfer  data  are  correlated  by  the  dimensionless  ratios  Nu,  Pr,  and  Re  in 
he  equation* 


Nu  =  0.33  (Pr)^(Rc)0-6 


(9.2) 


diere  Nu  =  Nusselt  number  =  hD/k 
Pr  =  Prandtl  number  =  Cp/i/k 
Re  =  Reynolds  number  =  DG/n 
D  =  diameter  of  pipe 
Cp  =  specific  heat  of  fluid 
h  =  surface  coefficient  of  heat  transfer 
k  =  thermal  conductivity  of  fluid 
n  =  absolute  viscosity  of  fluid 

Unfortunately,  none  of  the  correlations  of  this  type  which  have  been 
ascribed  are  directly  applicable  to  cans  or  glass  containers,  for  chemical 
lgineers  have  been  mainly  interested  in  long  pipes,  tube  bundles,  and 
rge  flat  plates,  either  vertical  or  horizontal.  Since  a  can  is  a  finite 
dindei ,  it  comes  under  none  of  these  headings.  We  may,  however, 
pect  that  the  heat  transfer  for  forced  convection  will  be  governed  by 
i  equation  of  the  type 


Nu  =  a(Pr)6(Re)c 


(9.3) 


iere  a,  b,  and  c  are  constants,  as  yet  undetermined.  A  series  of  tests 
cooling  canals,  retorts,  and  ricks,  using  various  can  sizes,  should  enable 
to  determine  the  coefficients,  and  consequently  the  heat-transfer  rate 
the  difficulty  of  a  similar  study  for  natural  convection  seems,  at  the 


McAdams  [8,  p.  2291. 


an  error  in  Okada’s  derivation 
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Heat  Transfer  through  the  Can  Wall 

The  manner  in  which  the  temperature  varies  for  the  case  of  a  w;. 
separating  fluids  at  two  different  temperatures  is  fairly  well  understo< 
in  a  qualitative  sense.  Figure  9.1  illustrates  the  generally  accept* 
theory.  The  hot  fluid  is  a  gas  and  the  cooler  fluid  is  a  liquid.  Both  aa 
understood  to  be  in  motion  as  a  result  of  either  forced  or  natural  co: 
vection.  Since  both  fluids  are  in  motion,  the  velocity  decreases  as  v 
approach  the  wall,  finally  dropping  to  zero  at  the  solid-fluid  interfaa 
It  is  this  effect  which  gives  rise  to  the  concept  of  a  boundary  lay< 
Instead  of  a  gradual  transition  to  zero  velocity,  it  is  convenient  to  co: 
sider  an  equivalent  stationary  boundary  layer  between  the  fluid  and  t 


r  IG.  VI.  1.  rV  seeiiuu  iiuuugii  C*  . . .  ° 

liquid.  ( International  Nickel  Company.) 

corrosion  scale.  The  thickness  of  this  fictitious  layer  is  so  chosen  as 
have  the  same  heat-transfer  characteristics  as  its  physical  counterpa 
The  thickness  of  the  layer  (or  film)  will  depend  on  the  fluid  velocity  ai 
on  the  nature  of  the  flow,  whether  turbulent  or  laminar.  We  now  mi 
consider  heat  transfer  through  a  composite  wall  consisting  ot  a  gas 
boundary  layer,  a  corrosion  film,  a  metallic  wall,  a  second  corrosion  fil 
and  a  liquid  film  boundary  layer.  The  temperature  drop  through  ea 
of  these  is  directly  proportional  to  the  thickness  and  inversely  p  op 
tional  to  the  thermal  conductivity.  The  same  type  of 
also  hold  if  a  solid  body  were  to  replace  the  liquid  tong  heated  o fly 
this  case  a  contact  resistance  would  take  the  place  ot  the  bou,  da  ^ 
The  relative  importance  of  each  of  these  separating  layeis  will  dep 
on  the  application1!  If  we  consider  a  slow-heating  — « ,u - m 
style  corn  none  of  these  may  be  of  great  significance.  On  the  othe 
the  nature  of.  the  outer  film  may  determine  the  type  ot  heating 
the  case  of  some  of  the  rapidly  heating  products. 


mechanisms  of  heat  transfer  within  the  container 

Before  attempting  to  describe  the  mechanism* ,oi heat 
the  container,  it  would  be  well  to  consider  the  various  typ 
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H'oducts  with  respect  to  their  heating  characteristics.  The  list  given 
>elow  was  compiled  by  Jackson  [6]  for  a  large  number  of  foods  according 
o  the  mechanism  of  heat  transfer.  It  is  intended  to  be  merely  a  guide, 
>ecause  variations  in  packing  procedure  may  cause  considerable  deviation. 
Since  most  of  the  remainder  of  this  chapter  will  be  a  discussion  of  these 
ases,  the  list  deserves  serious  study. 


1.  Products  which  heat  by  rapid  convection  throughout  the  process — f\  and /2 

values  (in  case  of  a  break  in  the  heating  curve)  showing  a  change  in  slope 

value  of  not  to  exceed  20  min  for  No.  2  cans. 

a.  Fruits  packed  in  syrup  or  water.  In  large  pieces  of  fruit  heat  penetra¬ 
tion  may  be  relatively  slow  within  the  piece. 

b.  Vegetables  packed  in  brine.  Effect  of  large  pieces  is  as  above;  brine- 
packed,  whole-grain  corn  occasionally  shows  a  break  in  the  heating  curve 
followed  by  slow  heat  transfer;  leafy  vegetables  such  as  spinach  and 
cabbage  exhibit  some  convection  heating  but  are  relatively  slow. 

c.  Meat  and  marine  products  packed  in  brine.  Effect  of  large  pieces  is  as 
above. 

d.  Most  fruit  and  vegetable  juices.  If  juices  are  very  pulpy  or  have  some 
gelling  tendency,  such  as  some  tomato  juices,  they  may  exhibit  slow  heat¬ 
ing  following  a  break  in  the  heating  curve  or  may  heat  by  conduction 
throughout  the  process. 

e.  Broth  and  thin  soups.  Slight  quantities  of  starch  either  added  directly 
or  leached  from  solid  ingredients  may  retard  the  heating  of  soups. 

/.  Evaporated  milk. 

2.  Products  which  heat  more  slowly  than  those  of  class  1,  but  exhibit  more 

rapid  heating  throughout  the  process  than  for  transfer  bv  conduction 

alone. 

a.  Leafy  vegetables  tightly  packed  in  can  with  brine,  such  as  spinach  and 
cabbage.  These  form  horizontal  layers  when  they  are  filled;  their  heat¬ 
ing  characteristics  are  altered  by  changing  the  orientation  of  the  con¬ 
tainer  axis. 


b.  Purged  or  chopped  vegetables  with  low  starch  content  packed  with  a  con¬ 
siderable  quantity  of  free  liquid. 

f •  Large  pieces  of  fruit,  vegetable,  meat,  or  marine  products  packed  in  free 
hqmd  Rapid  heat  transfer  by  convection  takes  place  in  the  liquid,  and 
heat  tiansfer  by  conduction  takes  place  in  the  solid  pieces 

mck^t  blth  ralKr  PieC6S  Which  tGnd  t0  mat  or  fit  together  and  are 
packed  in  liquid  such  as  some  types  of  vegetable  soup,  sliced  vegetables 

xed  vegetables,  and  brine-packed,  whole-grain  corn, 
inducts  for  which  the  break  in  the  heating  curve  represents  s  dpfinit  l  -n 

;re“°n  heati"K  bating 


d. 


•  ssctrrs  s  as  k 
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b.  Some  packs  of  mixed  vegetables  which  behave  much  as  the  soups. 

c.  Some  fruit  and  vegetable  juices — notably  tomato  juice,  but  tomato  jui. 
may  also  fall  into  class  1,  class  4,  or  class  6. 

d.  In  rare  instances  brine-packed,  whole-grain  corn,  but  it  probably  do. 
not  shift  to  pure  conduction  heating  when  good  packing  procedures  a. 
employed. 

e.  Syrup-packed  sweet  potatoes  under  some  packing  conditions. 

4.  Products  which  heat  by  conduction  throughout  the  process  and  have  the* 
mal  diffusivities  close  to  that  of  water. 

a.  Solid-packed  vegetables  with  high  moisture  content,  but  little  or  no  fiv 
liquid,  such  as  cream-style  corn,  pumpkin,  most  purged  vegetable: 
potato  salad,  and  baked  beans. 

b.  Solidly  packed  fruit  products,  such  as  jams,  baked  apples,  solidly  packe 
sliced  fruits. 

c.  Vegetable,  meat,  or  marine  products  in  cream  sauce,  such  as  creame 
potatoes,  chicken  a  la  king,  etc. 

d.  Creamed  soups  and  concentrated  soups. 

e.  Meat  and  vegetable  mixtures  in  thick  sauce,  such  as  chili  con  carne,  chc 
suey,  and  meat  stews. 

/.  Solidly  packed  starchy  products,  such  as  spaghetti,  chicken  and  noodle 
and  cereals. 

g.  Solidly  packed  meat  and  marine  products,  such  as  corned  beef,  chick* 
loaf,  minced  clams,  codfish,  sandwich  spreads,  and  spiced  ham. 

h.  Meat  and  cereal  mixtures,  such  as  dog  food  and  some  meat-loaf  product 

i.  Some  tomato  juices,  especially  in  the  smaller  can  sizes,  and  possibly  soi 
other  juices. 

5.  Products  which  heat  by  conduction  but  exhibit  thermal  diffusivities  co» 
siderably  less  than  that  of  water. 

a.  A  few  meat  products  with  low  moisture  content  and  high  fat  or  •< 
content. 

b.  Candied  fruit  peel  and  similar  products  with  high  sugar  content. 

6.  Products  which  start  to  heat  by  conduction  and  then  shift  to  convectic 
This  is  a  rare  occurrence  and  is  probably  due  to  the  breakdown  in  gel  stri 
tu re.  Some  thickened  puddings  and  some  tomato  juices  are  examples. 


Convection  Heating 

Heat  transfer  by  convection  is  always  accompanied  by  some  condic 
tion,  but  we  will  use  the  term  convection  to  cover  the  composite  e«e.. 
In  Chap.  8,  where  the  mathematics  of  convection  heating  was  discusse 
we  considered  the  limiting  case  where  the  entire  container  contents  w. 
at  the  same  temperature  and  we  called  that  condition  a  result  of  ide 
thermal  convection.”  In  such  a  case,  the  rate  of  temperature  rise  «• 
depend  largely  upon  the  ratio  of  can  surface  to  can  volume  and  on 
difference  between  can  temperature  and  retort  tempeiature 
any  resistance  to  flow  in  the  liquid  would  cause  some  departure  from 

condition  of  ideal  convection. 
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mechanics  of  heat  transfer 

The  study  of  the  mechanism  of  heat  transfer  when  convection  is 
nvolved  does  not  lend  itself  very  well  to  mathematical  analysis.  While 
t  is  true  that  much  work  has  been  done  in  this  field,  the  practical  results 
,ave  been  extremely  meager.  In  this  connection,  it  is  instructive  to 
tudy  a  paper  by  Saunders  [10]  on  natural  convection  due  to  a  heated 
ertical  plate.  Although  this  case  is  far  simpler  than  the  problem  before 
s  it  was  only  with  considerable  difficulty  that  even  the  simplest  con- 
lusion  could  be  drawn. 

For  this  reason,  our  knowledge  of  the  subject  has  been  obtained  mainly 
y  experimental  means.*  A  most  powerful  attack  on  the  problem  can  be 
lade  by  studying  the  temperature  distribution  pattern  in  the  container 
uring  heating  and  cooling.  In  the  case  of  conduction  heating,  it  is 
bvious  that  this  pattern  should  be  symmetrical  about  the  geometrical 
enter  of  the  can  (assuming  a  symmetric  initial  temperature  distribution), 
'or  convection  heating,  the  temperature  near  the  top  of  the  can  should 
e  higher  than  near  the  bottom. 

These  distribution  patterns  have  been  studied  in  some  detail  with  the 
se  of  simulated  food  products,  such  as  sugar  solutions,  starch  pastes,  and 
entonite  suspensions.  They  have  the  advantage  not  only  of  exhibiting 
^producible  heating  curves  but  also  of  permitting  the  study  of  the  effect 
f  known  variations  in  composition  on  the  heating  curves.  Bentonite 
jspension  was  included  as  a  substance  capable  of  giving  the  same  range 
f  rate  of  heating  as  starch  suspension,  but  which  was  thought  to  have 
reater  stability  against  heat  than  starch  suspension. 


Experiments  with  Sugar  Solutions  and  Starch  Pastes 


Sucrose  solutions  of  30,  45,  and  00  per  cent  concentrations  were  used, 
’astes  were  prepared  from  commercial  corn  starch  and  tap  water,  the 
mixture  being  gelatinized  at  about  195°F. 

The  Scott  orifice-type  viscosimeter  was  used  for  viscosity  measure¬ 
ments,  250  ml  of  the  substance  being  placed  in  the  reservoir  of  the  instru¬ 
ment  and  the  outflow  of  100  ml  through  the  orifice  timed.  Viscosity 
measurements  were  made  at  various  temperatures,  but  140°F  was  selected 
s  the  most  practical  standard  for  this  work.  In  order  to  reduce  the 
anable  effect  of  gelation,  the  starch-paste  samples  were  stirred  before 
ach  test.  Triplicate  measurements  were  made  in  every  case.  Since 
he  absolute  viscosities  of  sucrose  solutions  of  various  concentrations  are 
eH  known  [Bingham  and  Jackson,  1],  tests  with  sucrose  solutions  served 
a  calibrate  the  viscosimeter. 

Heat-penetration  tests  were  made  in  No.  2  cans  in  a  steam  retort  at 
40°F.  In  the  case  of  the  sugar  solutions,  the  temperature  measure- 


*  See  Jackson  and  Olson  [7J. 
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ments  were  made  with  thermocouples  whose  hot  junctions  were  on  tl 
axes  ot  the  vertical  cans  %  in.  above  the  can  bottoms.  This  is  appro) 
mately  the  slowest  heating  point  in  convection  heating  of  a  product 
medium  viscosity.  For  the  starch  pastes,  thermocouple  hot  junctio 

were  placed  in  these  positions  and  also  in  the  geometrical  centers  of  tl 
cans  (Table  9.7). 


Preparation  of  Bentonite  Suspensions 

Bentonite  suspensions  were  prepared  according  to  directions  obtain* 
from  the  supplier  of  the  bentonite.*  No  attempt  was  made  to  puri 
the  bentonite  as  received.  Suspensions  were  prepared  by  adding  tl 
300-mesh  powder  to  distilled  water  in  amounts  corresponding  to  1,  3.2 
and  5  per  cent,  respectively,  of  the  weight  of  water  present.  The  settl. 
clay  was  allowed  to  stand  4  hr,  and  the  mixtures  were  then  agitated  wi 
a  mechanical  stirrer.  A  given  suspension  was  used  as  many  as  nine  tim 
without  appreciable  change  in  heating  characteristics.  It  was  foui 
necessary,  however,  to  stabilize  the  suspensions  by  heating  them  in  seal* 
cans  to  within  1°  of  the  retort  temperature,  250°F,  before  making  tl 
first  heating  test.  A\  ithout  this  preliminary  heat  treatment,  gre 
changes  in  the  heating  rate  between  the  first  and  second  heat  process 
were  discovered. 

The  time-temperature  curves  obtained  in  experiments  with  water  ai 
other  liquids  that  exhibit  little  resistance  to  flow  are  fair  approximate 
to  straight  lines  when  plotted  on  semilog  paper.  This  is  indicated  1 
analogy  upon  inspection  of  the  results  of  tests  on  a  1  per  cent,  a  3.25  p1 
cent,  and  a  5  per  cent  suspension  of  bentonite  (Figs.  9.2,  9.8,  and  9.5 
Except  for  a  high-temperature  region  close  to  the  container  Avail,  the  ter 
perature  is  nearly  uniform  in  any  horizontal  plane  at  a  given  time.  1 
a  vertical  direction,  we  find  a  stratification  with  the  upper  strata  coi 
siderably  hotter  than  the  lower  strata  at  the  beginning  of  the  heatin 
period.  Thus  Ave  find  that  the  condition  of  ideal  collection  is  approachci 
to  a  limited  degree. 

The  indicated  mechanism  of  heat  transfer  in  a  thin  liquid  consists  * 
the  rapid  rise  of  the  heated  liquid  in  convection  currents  close  to  the  coi 
tainer  Avail  and  the  sIoav  fall  of  the  remaining  liquid,  Avhich  is  relative, 
quiescent.  The  interface  between  the  rising  liquid  and  falling  liquid  mu; 
be  rather  indefinite — AAre  might  say  that  there  would  be  a  buffer  regit 
between  the  two  rather  than  an  interface.  The  rate  of  convection  cui 
rents  depends  on  the  difference  in  densities  between  rising  and  falliit 
liquids  at  any  level  and  upon  the  resistance  to  Aoav  or  the  viscosity. 


*  The  American  Colloid  Company. 
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We  may,  therefore,  think  of  a  thin 
apidly  upward  along  the  container 
rail.  As  the  hot  liquid  reaches  the 
op  of  the  container,  it  spreads  in- 
rard  over  the  upper  surface  of  the 
emaining  liquid,  which  is  in  the  form 
f  a  solid  cylinder.  This  cylinder 
i  at  a  much  lower  temperature  than 
lie  outer  cylindrical  shell  and  moves 
lowly  toward  the  bottom  of  the  con- 
liner.  As  it  makes  contact  with 
le  bottom  of  the  container,  the  liquid 
;  heated  and  forced  to  the  con- 
liner  wall  where  it  forms  part  of  the 
dindrical  shell.  Thus,  the  tem- 
erature  rise  in  most  of  the  con- 
tiner  is  due  to  the  slow  downward 
Lovement  of  the  hot  liquid  from  the 
>p  of  the  container. 

The  value  of  j  increases  from  the 


walled  tube  of  hot  liquid  flowing 


1%  Bentonite 


Fig.  0.2.  Heating  curve;  1  per  cent 
bentonite. 


>p  to  the  bottom  of  the  container,  being  of  the  order  of  0.5  near  the  top 
id  approaching  unity  near  a  point  about  1  in.  from  the  bottom.  The 
irves  in  Figs.  9.2  to  9.4  represent  the  action  just  described. 
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Conduction  Heating 

Typical  temperature  distribution  representing  conduction  heating 
obtained  with  a  5  per  cent  bentonite  suspension  (Figs.  9.5  to  9.7).  Inspe= 
tion  of  the  figures  shows  the  expected  symmetry  of  the  temperatui 
distribution  as  well  as  the  slow  heating  rate  associated  with  conductioi 


0  80  160  240  320 

Time,  min 

Fig.  9.5.  Heating  curve;  5  per  cent  ben¬ 
tonite. 


Distonce  from  con  wo II, in 


Fig.  9.6.  Isochronals  on  a  plane  at  cent' 
of  container,  perpendicular  to  the  lon^ 
tudinal  axis;  5  per  cent  bentonite. 


5%  Bentonite 


Fig.  9.7.  Isochronals  on  longitudinal  axis 
of  container;  5  per  cent  bentonite. 


3.25%  Bentonite 
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Broken-curve  Heating 

This  interesting  type  of  heating  is  well  illustrated  by  a  3.25  per  cent 
entonite  suspension  (Figs.  9.8  to  9.10).  Before  the  break  occurs,  the 
Magnitude  of/i  and  the  temperature  distribution  pattern  indicate  heating 
ly  convection.  After  the  break  in  the  heating  curve  there  is  a  lag  period, 
nd  then  a  new  straight-line  heating  curve  of  large /2  value  is  established, 
'he  fact  that  the  temperature  distribution  in  the  can  changes  from  that 
>r  convection  heating  and  approaches  that  for  conduction  heating,  and 
Iso  the  fact  that/2  is  of  the  same  order  of  magnitude  as/ for  conduction 


Oistonce  from  can  wall, in 
a.  9.9.  Isochronals  on  a  plane  at  center 
container,  perpendicular  to  the  longi- 
rlinal  axis;  3.25  per  cent  bentonite. 


Fig.  9. 10.  Isochronals  on  longitudinal  axis 
of  container;  3.25  per  cent  bentonite. 


ating,  indicate  that  the  break  in  the  heating  curve  is  due  to  a  sudden 
ange  from  convection  to  conduction  heating.  This  change  takes  place 
st  in  the  upper  part  of  the  can  where  the  temperature  differences  and 
sultant  forces  owing  to  density  differences  are  least.  As  the  lower  parts 
the  can  contents  become  warmer,  the  change  from  convection  to  con- 
ction  takes  place  there  also.  The  temperature  at  which  the  break  takes 
ice  in  the  upper  part,  of  the  can  is  somewhat  higher  than  that  for  the 
ver  part.  The  convection  currents  in  the  upper  part  of  the  can  are 
obably  prolonged  by  the  relatively  strong  convection  forces  which  are 

esent  in  the  lower  part  of  the  container  when  the  break  is  about  to  occur 
the  upper  part. 

Itt^VnT  WKdated  ,WHh  a  br°ke"  heating  curve  »  of  special 
(treat  -  h,  f »  r  "  h*"  C°°llng  beglns'  the  rate  of  temperature  drop 

great,  but  as  cooling  continues,  the  rate  decreases  gradually  to  a  loga- 
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rithmic  rate.  There  seems  to  be,  however,  no  sharp  break  in  the  coolii 
curve  corresponding  to  the  break  in  the  heating  curve. 

It  must  be  emphasized  at  this  point  that  this  discussion  of  broken-cur1* 
heating  applies  to  a  bentonite  suspension.  The  conclusion  drawn  he 
will  be  valid  for  food  products  only  in  so  far  as  the  physical  properties 
bentonite  responsible  for  this  behavior  are  also  present  in  the  food.  F" 
this  reason  we  shall  discuss  the  properties  of  bentonite  in  some  detail. 

Physical  Properties  of  Bentonite  Suspensions 

Bentonite  suspensions  are  known  to  be  thixotropic  and  rheopecti 
These  properties  are  well  discussed  by  Freundlich  [3]  and  Hauser  an 
Reed  [4]. 

Thixotropic  suspensions  form  gels  which  become  sols  when  they  ai 
subjected  to  physical  shock  and  agitation.  The  sols  will  form  gels  agar 
when  they  are  allowed  to  stand  for  a  time  without  severe  agitation.  1 
rheopectic  systems  the  sol-gel  transformation  is  hastened  by  sligb 
rhythmic  agitation  such  as  that  caused  by  tapping  a  test  tube  containir 
the  sol.  The  setting  time  decreases  when  the  concentration  of  the  su 
pension  is  increased.  It  has  also  been  demonstrated  that  the  setting  tin-; 
decreases  with  increase  in  temperature. 

It  is  well  known  that  a  certain  yield  force  must  be  exceeded  to  bres 
a  gel  by  the  application  of  a  shearing  force.  The  effect  of  the  reverr 
procedure  of  producing  the  shearing  force  applied  to  a  liquid  has  not  bee 
studied  so  thoroughly.  Motion  in  a  Newtonian  liquid  will  not  stop  core 
pletely  until  the  shearing  force  has  been  diminished  to  zero.  Howevei 
since  phenomena  of  anomalous  viscosity  have  been  observed  in  son- 
liquids  and  since  some  sols  are  known  to  gel  during  very  slight  agitatioc 
it  is  probable  that,  when  the  shearing  force  applied  to  a  thixotropic  < 
rheopectic  liquid  is  diminished  slowly,  the  liquid  will  set  to  a  gel  whf 
the  force  applied  has  become  less  than  some  yield  value  but  still  exceee 

zero. 


Interpretation 

When  a  container  containing  a  3.25  per  cent  suspension  of  bentonr 
is  first  subjected  to  heat  in  the  retort,  there  are  considerable  temperatui 
and  density  differences  between  the  hot  gel  in  contact  with  the  con  taint 
and  the  remaining  cool  gel.  The  resultant  buoyant  force  is  sufficient  t 
exceed  the  yield  point  for  the  weak  gel  and  start  convection  currents  i. 
the  cooler  portions  of  the  liquid  rise  in  temperature,  the  buoyant  ton 
becomes  less  and  the  convection  currents  diminish.  In  a  Newtoni 
liquid  one  would  expect  that  the  currents  would  diminish  steadily  w 
would  not  cease  until  all  of  the  liquid  had  reached  retort  temperature  an 
the  buoyant  force  had  diminished  to  zero. 
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The  rate  at  which  the  convection  currents  and  heating  rate  diminish 
rould  also  be  dependent  on  the  viscosity  of  the  liquid,  since  the  buoyant 
jrce  is  opposed  by  the  viscosity.  If  the  viscosity  decreased  with  increas- 
lg  temperature  at  a  steady  rate,  the  heating  rate  would  be  expected  to 
lange  at  a  steady  rate.  This  is  compatible  with  a  smooth  time-tempera- 
ire  curve  approximating  a  straight  line  when  plotted  on  a  semilogarithmic 
^ordinate  paper. 

The  abruptness  of  change  from  convection  heating  to  conduction 
sating  may  be  explained  by  assuming  that  the  buoyant  fortse  has 


creased  below  the  yield  point  tor  thixotropic  or  rheopectic  gelation  and 
at  convection  is  stopped  by  sudden  setting  to  a  gel.  This  occurs 
B  in  the  upper  portions  of  the  container,  then  the  gel  formation  pro- 

nteiner™Ward  COnvection  has  been  stoPped  in  all  portions  of  the 


It  has  been  noted  that  when  the  retort  temperature  is  raised  but  other 
editions  are  kept  constant,  the  value  of  /„  increases.  The  liquid  sets 

II  alk  wteTt  ra"n  ^  is  aPPreciably  greater  than  that  which 
all.™  gelation  when  the  retort  temperature  is  lower.  This  indicates 

th:tf,sSdenCy  f<>'' the  bent°mte  801  temperature 


When  cooling  is  started,  ther 
lerences  between  the  cooled 


e  are  considerable  temperature  and  density 
gel  in  contact  with  the  container  and  the 
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remaining  hot  gel,  so  that  the  convectional  forces  again  become  sufficieii 
to  exceed  the  yield  point  and  start  convection  currents.  The  low  coolin 
rate  which  obtains  toward  the  end  of  the  cooling  period  indicates  tha 
gelation  may  have  occurred  again,  and  the  fact  that  there  is  no  abrun 
change  in  cooling  rate  to  indicate  a  sol-gel  transition  may  be  accounts 
for  by  one  or  both  of  the  following  circumstances  which  differ  from  thoe, 
that  prevail  during  heating.  The  gradual  decrease  in  convectional  force 
is  accompanied  by  gradual  increase  in  the  viscosity  of  the  sol;  the  ten- 
perature  of  the  cooling  medium  in  contact  with  the  container  change 
gradually  during  the  cooling  period.  Figure  9.11  was  plotted  assumin: 
the  temperature  of  the  cooling  medium  to  be  constant  at  59°F  and  th 
gelling  tendency  is  not  so  strong  since  the  temperature  is  lower  than  a 
the  time  of  gelation  during  the  heating  period. 

Effects  of  Certain  Variations  in  Heating  3.25  Per  Cent 
Bentonite  Suspensions 

As  indicated  in  the  preceding  sections,  a  3.25  per  cent  bentonite  sum 
pension  exhibits  the  same  broken  type  of  heating  curve  as  some  foo 
products,  and  hence  lends  itself  to  a  study  of  factors  which  might  possibl 
influence  this  type  of  heat  transfer. 


Table  9.1.  Effect  of  Flexibility  of  Container  upon 
Heating-curve  Factors 


Heating-curve 

factor 


3 

/. 

A 

tp 


Container 

t  valuef 

Conclusion 

Rigid* 

Tin  plate 

r 

1 . 16 

0.99 

1.33 

Insignificant 

6.00 

5.94 

0.15 

Insignificant 

62.0 

57.3 

1.55 

Insignificant 

7.8 

7.0 

1.44 

Insignificant 

r*.  LUiivauiv.,  - 

internal  and  external  pressure. 

f  Least  significant  value  of  t  is  2.179. 

In  order  to  determine  whether  any  of  the  variables  normally  encoun 
tered  in  canning  practice  affect  the  form  of  the  broken  Ume-tempera  un 
curves,  a  series  of  tests  was  made  in  which  these  variables  were  card  I U 
controlled  The  tests  included  the  effects  of  flexibility  of  the  container 
headspace  in  the  container,  retort  temperature,  and  ‘nitial  temperatur 
The  data  were  analyzed  by  statistical  methods,  and  the  results 

summarized  in  Tables  9.1  to  9.6.* 

The  data  considered  in  these  tables  are  from  tests  with  3.25  per 

♦  Tables  9.1  to  9.6  are  from  Jackson  and  Olson  171;  Table  9.7  from  Jackson  l«l- 
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,f  bentonite  in  the  No.  2  (307  X  409)  can.  The  heating  curves  are  for 
hermocouples  whose  hot  junctions  were  on  the  vertical  axes  of  the  con- 
ainers,  %  in.  above  the  bottoms.  This  location  was  found  to  be  approxi¬ 
mately  the  slowest  heating  point  in  the  can  when  the  broken  heating  curve 
^as  exhibited. 

Table  9.2.  Effect  of  Headspace  upon  Heating-curve  Factors 


Heating-curve 

Net  headspace 

t  value* 

Conclusion 

factor 

in. 

None 

j 

1.45 

1.47 

0.10 

Insignificant 

fi 

4.87 

5.97 

2.09 

Insignificant 

45.5 

45.0 

1.62 

Insignificant 

tp 

6.1 

7.9 

1 .90 

Insignificant 

*  Least  significant  value  of  t  is  2.77G. 


Table  9.3.  Effect  of  Retort  Temperature  upon  Heating-curve  Factors 


Heating-curve 

factor 


j 
/. 
f  2 

tp 

lv 


Retort  temperature 

t  value* 

Conclusion 

93.3°C  (200°F) 

132. 2°C  (270°F) 

1.22 

1.07 

1.43 

Insignificant 

5 . 47 

6.84 

1  22 

Insignificant 

48.1 

44.6 

2.89 

Significant 

8 . 33 

4.58 

14.8 

Highly  significant 

4.78 

38.08 

5.7 

Highly  significant 

*  Least  significant  value  of  t  is  2.262;  least  highly  significant  value  of  t  is  3.250. 


Table  9.4.  Effect  of  Initial  Temperature  upon  Heating-curve  Factors 


Heating-curve 

Initial  temperature 

factor 

t  value* 

Conclusion 

32.2°C  (90°F) 

4.4°C  (40°F) 

j 

1  22 

1  .30 

0.63 

Insignificant 

h 

5.47 

5.30  . 

1.02 

Insignificant 

/  2 

48. 1 

45  2 

0.83 

Insignificant 

Ip 

8 . 3 

8.9 

0.76 

Insignificant 

mflctoS?! 1,1 taWeS  are1avera«ed  values  for  the  various  heating- 
factors  taken  from  a  number  of  tests.  The  tables  also  give  a  t  * 

‘d^Lwthrerl“ot8ymb01-  11  iS  "0t  *°  be  COnfU8Cl'  »id>  symbol  «, 
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value  for  each  factor.  These  t  values  are  calculated  from  the  data  b 
the  method  of  Fisher  [2]  and  serve  as  criteria  to  determine  whether  til 
differences  between  the  factors  obtained  under  two  different  condition 
are  insignificant,  significant,  or  highly  significant,  as  shown  in  the  la. 
column  of  each  table.  1  he  least  significant  and  least  highly  significan 

Table  9.5.  Effect  of  Closing  Temperature  upon  Heating-curve  Factors. 


Heating-curve 

factor 

Can  closed  at: 

t  value  f 

Conclusion 

21. 1°C  (70°F) 
(zero  vacuum) 

85°C  (185 °F) 
(16-in.  vacuum) 

j 

1.49 

1.72 

2.19 

Insignificant 

fi 

4.9 

4.0 

2  04 

Insignificant 

f  2 

50.5 

54.2 

0.84 

Insignificant 

tp 

7 . 7 

6.7 

2.70 

Significant 

Ip 

9.3 

9 . 3 

0 

Insignificant 

*  Initial  pressure  in  the  can. 

t  Least  significant  value  of  t  is  2.202;  least  highly  significant  value  of  t  is  3.250. 


Table  9.6.  Effect  of  Can  Size  upon  Heating-curve  Factors 


Heating- 

curve 

factor 

Can  size 

t  value* 

Conclusion 

No.  2 
experi¬ 
mental 

No.  10 
calculated 
for  convec¬ 
tion  heating 

No.  10 
calculated 
for  conduc¬ 
tion  heating 

No.  10 
experi¬ 
mental 

n 

1 . 11 

1 

24 

1.66 

Insignificant 

J 

/. 

5.81 

10 

5 

7 . 64 

Highly  significar 

f, 

10.2 

10 

5 

0.37 

Insignificant 

J 1 

18.1 

10 

5 

6.08 

Highly  significai 

J  i 

55  9 

163 

0 

16.80 

Highly  significai 

J  2 

98.3 

163 

0 

7.80 

Highly  significai 

J  2 

174 

163 

0 

0.83 

Insignificant 

J  2 

6  7 

11 

2 

6.92 

Highly  significar 

Ip 

Ip 

15.7 

18 

9 

0.88 

Insignificant 

_ 

*  Least  significant  value  of  t  is  2.052;  least  highly  significant  value  of  t  is  2.771 


values  of  t  depend  upon  the  number  of  observations  made  and  have  bee 
determined  by  Fisher.  For  the  purposes  of  this  book,  it  is  not  considere 
necessary  to  describe  in  detail  the  exact  meanings  of  “least  sign.frean  . 
“least  highly  significant,”  and  “t  value.”  Instead,  merely  the  conclusio. 

based  upon  their  use  are  given  in  the  tables. 

From  these  tables,  we  may  conclude  that  reasonable  variatio 
rigidity  of  the  container,  in  the  headspace,  or  in  the  initial  temper 
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will  not.  cause  any  significant  changes  in  the  values  of  the  heating-curve 
factors.  Variations  of  the  retort  temperature,  however,  produce  highly 
significant  changes  in  the  values  of  both  the  time  and  the  temperature 
at  which  a  break  in  the  heating  curve  occurs,  but  do  not  affect,  the  heating- 
rate  lag  factor  or  the  slope  of  the  first  part  of  the  heating  curve.  The 
effect  of  the  retort  temperature  on  the  slope  of  the  heating  curve  after  a 
break  cannot  be  determined  conclusively  from  the  data.  The  closing 

Table  9.7.  Viscosity,  Heat  Penetration,  and  Process  Data  for  Sucrose 
Solutions  and  Starch  Pastes  in  No.  2  Cans 


Substance, 
per  cent 


Sucrose,  30.  . 
Sucrose,  45 . . 
Sucrose,  60. . 
Starch,  1 . . . . 
Starch,  1.5.  . 
Starch,  2. . . . 
Starch,  3 . . . . 
Starch,  4 _ 


Viscosity  at 
140°F 

Heat-penetration  data* 

Bottom  thermo¬ 
couple  position 

Center  thermo¬ 
couple  position 

Scott 

sec 

Centi- 

poises 

j 

fl 

f  2 

tp 

j 

/i 

/z 

tp 

18.9 

1.0 

0.83 

3.9 

6.7 

5.6 

20.6 

1.8 

0.89 

4.6 

7.6 

5 . 6 

24.9 

6.6 

0.88 

5.8 

8.8 

7.0 

18.5 

0.9 

1.74 

3.9 

10.5 

5.5 

1.16 

3.1 

9.5 

4.5 

19.4 

1.3 

1.88 

5.2  26. 1 

11.10.90 

4.2 

9.5 

5.5 

20.5 

1.8 

0.77 

9.0  42.0 

9.5  0.60 

6.1 

79 . 0 

8.8 

24.3 

6.0 

1  . 56 

30.5  44.5 

19.0  1.63 

9.1 

68 . 0 

11.0 

35.7 

24.0 

1  .01 

56.0 

,...| 

1  53 

61.0 

.... 

Process  at 
240°F  for 
slowest 
heating  point 
for  F0  =  8 
with  To  = 
140°F,  min 


33.9 

35.8 

30.7 

36 . 5 
36.2 

45.6 
83.4 

111.0 


- —  '  u.  i  ic/ii  l/UI  UIo  • 

■  ■  sir  3“- — - — curve 

;  ‘  IZ  mterVal  1,1  minU‘eS  fr°m  8‘art  °f  Pr0cess  <°  intersection  of/,  and  /,  straight 
'  "here  I  =  difference  between  retort  temneratnrp  anH 

srdi changes  -  ^ 

ea«ng  rates!  b^More^nd  aftera  bllfin  tf/f  ,he 

eating-rate  lag  factor  and  the  temperature  a!  ^“tmgIcurve-  The 
eating  curve  occur.,  do  not  seem  to  be  v*  '  1,1  •the 

ze,  but  the  time  of  a  break  in  tbn  \  +  •  ‘  '^nation  in  container 

Hh  the  container  size  "  heatmg  curve  does  ™ry  significantly 
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SUMMARY 

Heat  is  transferred  from  steam  into  a  substance  within  a  sealed  con¬ 
tainer  through  the  action  of  two  mechanisms:  (1)  that  which  carries  the? 
heat  across  the  outer  surface  and  through  the  wall  of  the  container  to  the? 
enclosed  substance  and  (2)  that  which  conveys  the  heat  from  one  particle? 
to  another  of  the  enclosed  substance.  With  a  study  of  how  these  mecha¬ 
nisms  control  the  rate  of  heat  transfer,  we  have  completed  our  analysis- 
of  the  measurement  of  heat  dosage  in  processing.  Both  subdivisions  of! 
the  information  required  for  the  assignment  of  values  to  parameters- 
employed  in  making  process  calculations  have  been  analyzed.  The: 
methods  of  evaluating  processes  are  now  in  line  for  consideration. 


SYMBOLS 

2 a  See  Chap.  6. 

Cp  Specific  heat  of  fluid. 

D  Outside  diameter  of  tube.  (Not  to  be  confused  with  symbol  D  for  decimall 

reduction  time;  see  Chaps.  4  and  15.) 

f,  fi,  f-  See  Chap.  5. 

g  Acceleration  due  to  gravity  (4.17  X  108  ft/hr/hr). 

h  See  Chap.  fi. 

hm  Mean  film  conductance. 

Ip  See  Chap.  5. 

j  See  Chap.  5. 

k  See  Chap.  6. 

L  Height  of  a  vertical  surface. 

p  Absolute  viscosity  of  fluid. 

Absolute  viscosity  of  condensate  film  (lb/hr/ft). 

Pf  Density  of  condensate  (lb/cu  ft). 

A2’  Temperature  difference  between  wall  and  vapor. 

t  Fisher’s  statistical  symbol— not  to  be  confused  with  time  symbol  l  used  I 

elsewhere  in  this  book. 
tp  See  Chap.  5. 


1. 

2. 

3. 

4. 

5. 
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CHAPTER  10 


INOCULATED  PACKS 


An  inoculated  pack  is  a  thermal  death  time  test  which  is  employed  as; 
an  experimental  means  of  finding  out  what  process  is  required  to  sterilize- 
a  food.  The  test  is  made  by  processing  the  food  material  in  containers; 
of  the  exact  type  for  which  the  process  information  is  desired. 

If  a  container  of  food  always  contained  bacteria  of  the  same  resistance ; 
to  heat  as  those  contained  in  every  other  container  and  had  the  same  rate- 
of  heat  penetration  as  every  other  container  of  the  same  size  containing; 
the  same  food,  processes  could  be  determined  by  means  of  a  simple  proc¬ 
essing  experiment  in  which  one  container  is  processed  for  each  of  a  number 
of  lengths  of  time  at  a  given  temperature.  There  would  then  be  little- 
need  for  methods  of  calculating  processes  because  one  could  always  be- 
sure  that  what  he  learns  from  processing  one  container  would  serve  as  an 
infallible  guide  in  the  processing  of  all  other  containers  of  similar  type. 
We  find  in  practice,  however,  that  there  are  variations  both  in  heat-pene¬ 
tration  rate  and  in  the  heat  resistance  of  bacteria  in  different  containers; 
of  the  same  size  filled  with  apparently  identical  food. 


Variation  among  Containers 

The  rate  of  heat  penetration  varies  because  of  slight  differences  ini 
physical  characteristics  of  the  food  in  different  containers.  The  variation  i 
in  heat  resistance  of  bacteria  in  the  containers  is  due  both  to  the  chance 
presence  of  different  varieties  of  bacteria  in  different  batches  of  food  and 
to  the  chance  variation  in  grouping  of  individual  spores  in  dilferen 

locations  through  the  food  in  the  container. 

Because  of  these  factors,  it  is  almost  safe  to  say  that  every  can  di  e 
from  every  other  can  in  its  requirement  for  sterilization.  In  the  face .  o 
this  fact,  the  difficulty  of  the  task  of  locating  the  individual  contame^ 
among  those  of  a  given  size,  filled  with  a  given  ood,  which  wdl  require 
a  more  severe  sterilizing  process  than  any  othei  contain  > 
apparent.  It  is  difficult  not  only  to  know  that  one  has  thls  con^“h 
among  those  which  he  has  prepared  for  use  in  a  processing  • 
will  be  made  for  the  purpose  of  establishing  a  satisfactory  pioccss, 
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also  to  know  that  the  hypotheses  chosen  as  a  basis  for  the  calculation  of 
a  process  are  correct. 

Rate  of  Heat  Penetration 


The  nature  of  certain  factors  which  affect  the  rate  of  heating  of  food 
in  containers  is  not  yet  understood.  The  technic  of  measuring  the  rate 
of  heating,  however,  has  been  developed  over  a  period  of  more  than  thirty 
years  to  a  point  of  efficiency  and  precision  which  ensures  reliable  results 
for  the  establishment  of  heating-rate  curves  when  the  containers  are  sta¬ 
tionary  during  the  process.  However,  it  is  assumed  that  when  the  cans 
are  in  motion  during  the  process,  the  temperature-measuring  instrument 
in  the  container  (usually  a  thermocouple)  may  exert  a  stirring  action  in 
the  contents  of  the  container,  which  might  result  in  an  acceleration  of 
heating  rate  over  that  which  would  occur  in  the  absence  of  such  a  stirring 
action. 


Perhaps  the  most  annoying  discrepancy  resulting  from  a  fault  in  heat- 
penetration  technic  is  a  false  acceleration  in  the  rate  of  heating  which 
monies  from  the  conduction  of  heat  by  the  thermocouple  wires.  In  foods 
into  which  heat  is  conveyed  by  conduction,  heat  that  is  conducted  by 
the  wires  to  the  hot  junction  may  accumulate  in  the  region  of  the  hot 
junction  because  of  the  low  heat  diffusivity  of  the  food,  and  thus  cause 
a  higher  temperature  to  be  indicated  than  would  be  the  temperature  at 
the  point  if  there  were  no  thermocouple  in  the  cam  Although  the  exist¬ 
ence  of  this  defect  in  technic  has  been  recognized  for  many  years  and 
obvious  steps  have  been  taken  to  keep  the  amount  of  conduction  by  wires 
low,  a  comparatively  small  amount  of  study  has  been  devoted  to  deter¬ 
mining  the  magnitude  of  its  effects.  Recently,  results  of  an  investigation 
a  ong  this  line  by  Stumbo  and  associates  were  reported  orally  to  indicate 
that  a  substantial  reduction  in  /  value  of  a  heating  curve  may  come  from 
conduction  of  heat  by  wires  of  very  small  diameter  and  that  there 

passibffity  been  t0°  mUCh  C°mplaCency  among  workers  in  regard  to  this 


Thermal  Death  Time  Data 

Greater  doubt  of  reliability  accompanies  data  on  which  thermal  death 

■ZT'ZZ-  1  ,“7  °"  data  Which  ^ting-rate  curls  ate 

cased.  Collections  of  bacterial  spores  of  a  single  sDecies  nr  nf  Q  i 

rnder  ZstantVH  d  ***, !?*"»•  eve"  subjected  to  heat 

nformation  has  never  been  obtained  relative  to  tie  el  , A,  ,T°rta'lt 
>n  the  heat  resistance  of  bacterial  spores.  °f  1686  faCt°rs 
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Experimental  Check 

Notwithstanding  these  uncertain  aspects  of  the  data  which  establish 
the  two  curves,  upon  which  a  sterilizing-process  calculation  is  based,  it  is 
believed  that  these  curves  are  now  established  with  sufficient  accuracy 
to  make  an  experimental  check  of  process  calculations  of  questionable 
need.  The  experimental  check  to  which  we  allude  consists  of  the  proc¬ 
essing  of  regular  containers  of  food  which  are  inoculated  with  spoilage 
bacteria  in  an  effort  to  make  every  container  represent  the  condition  of 
maximum  heat  requirement  for  sterilization.  This  experiment  is  known 
as  an  inoculated  pack. 


Death  of  Bacterial  Spores 

In  Chap.  4  were  discussed  standard  laboratory  methods  for  evaluating 
the  heat  resistance  of  microorganisms.  In  that  discussion,  a  prominent 
position  was  occupied  by  the  question  of  how  one  can  know  when  bac¬ 
teria  are  killed.  This  question  is  of  major  importance  in  connection  with 
inoculated  packs. 

Whether  or  not  the  hypothesis  regarding  the  mechanics  of  death  of 
bacterial  spores,  which  was  advanced  in  Chap.  4,  is  correct,  we  believe 
that  it  agrees  with  a  concept  regarding  the  effect  of  concentration  of 
spores  upon  their  resistance  to  heat.  According  to  this  concept,  which 
is  gaining  rapid  acceptance  by  bacteriologists,  the  rate  of  the  destruction 
of  spores,  in  terms  of  numbers,  is  logarithmic.  An  outgrowth  of  this 
concept  is  the  following  premise. 

If  one  milliliter  of  a  medium  contains  1,000  bacterial  spores  and  another 
milliliter  of  the  medium  contains  10  bacterial  spores  of  the  same  type 
and  history,  according  to  the  laws  of  probability  no  spores  of  the  latter 
group  will  survive  as  long  under  a  given  application  of  lethal  heat  as  the 
last  10  spores  to  survive  out  of  the  former  group.  Theoretically,  the 
10  spores  of  the  second  group  will  be  killed  within  a  period  of  time  which 
equals  the  time  required  to  kill  the  last  10  spores  to  survive  out  of  the 
group  of  1,000  spores  after  the  instant  when  the  number  of  survivors 
becomes  10.  The  significance  of  this  premise  will  be  apparent  in  several 
aspects  of  the  inoculated  pack,  as  this  type  of  experiment  will  be  described. 
It  is  recalled  to  the  attention  of  the  reader  that  factors  bearing  on  t  u 
validity  of  this  premise  were  discussed  in  Chap.  1.  A  review  o  a 
discussion  is  recommended. 


Characteristics  of  Inoculated  Packs 

We  shall  now  examine  the  characteristics  of  this  special  type  of  he.it 
resistance  test  which  is  customarily  called  the  inoculated  pac  " 
ducing  our  readers  to  this  topic,  we  may  profit  by  reviewing  he  fol 
statements  by  Ball  [  I  ]  relative  to  the  evolution  of  thermal  death  time 
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Present  practice  in  determining  heat  resistance  as  applied  to  the  evaluation  of 
tcanned  food  processes  includes  methods  which  may  be  put  into  five  general 
[classes.  Five  different  types  of  apparatus  are  employed  variously  in  carrying 
out  these  methods.  Two  of  these  types  of  apparatus  are  used  with  all  classes  of 
methods;  the  other  three  have  selective  applications  to  the  methods.  Some  of 
these  methods  and  techniques  are  described  in  the  literature  [3,4,11]*. 

There  has  been  an  evolution  in  thermal  death  time  test  procedure,  advanced 
by  a  growing  realization  of  the  extreme  complexity  of  this  problem.  The  trend 
appears  to  be  away  from  the  procedures  that  show  absolute  destruction  points 
and  toward  those  that  reveal  rates  of  destruction  of  bacteria  in  terms  of  numbers 


destroyed  in  set  periods  at  constant  temperature,  without  proceeding  to  absolute 
iestruction.  This  trend  is  based  upon  the  principle  that  large  numbers  of  units 
ire  capable  of  providing  more  consistent  data  than  small  numbers  of  units.  In 
nost  rate-of-destruction  tests,  bacteria  are  counted,  whereas  in  tests  designed  to 
jive  absolute  destruction  points,  containers,  as  a  rule,  are  the  units  counted, 
nvestigators  feel  that  the  most  logical  method  for  determining  the  destruction 
)°mt  of  bacteria  lies  in  determining  rates  of  destruction  by  counting  survivors. 

The  results  of  tests  to  determine  rate  of  destruction  of  spores  are  conveniently 
ecorded  by  rate-of-destruction f  curves,  which  show  a  relation  between  time  and 
lumerical  strength  of  survivors.  The  time  is  that  of  heating  the  bacteria  at  a 
iven  temperature,  and  the  numerical  strength  is  the  number  of  viable  organisms 
'er  unit  quantity  of  material.  The  normal  rate  of  destruction  of  bacteria  in  a 
>ure  suspension  at  a  constant  temperature  is  said  to  be  that  of  a  chemical  reac- 
ion.  Although  the  rate  usually  increases  more  than  twofold  (as  does  a  mono- 
lolecular  chemical  reaction)  for  each  10”C  rise  of  temperature,  it  seems  safe  to 

aner  nmhep0rt'i.a  rate-°Me|structlon  curve  to  be  a  straight  line  on  semilog 
aper  (1°|.  For  the  present,  therefore,  we  shall  disregard  the  possibility  of  hav- 

tnlanatlon?  Z  ,  T*  '  C°'  Which  Rahn  15'6'  assumed  various 

planations.  By  definition,  a  reaction  that  proceeds  at  a  logarithmic  rate 

ever  reaches  an  end  point;  this  means  here  that,  if  we  heat  an  infinite  quantity 

material  containing  an  infinite  number  of  bacteria,  we  never  destroy  every 

r  ab  finir  rmber 

smss  s-rsr1  M=Cs 


Ihree  Points  of  Distinction 

teste  01 

oculated  packs.  These  are:  d  H°Se  Whlch  are  called 

hile  the  food  us^in  us“^,ytrai“  *  microor«anisms, 

,  lea  packs  usually  contains  a  mixed  flora. 

era  et  al.  |7|  Td  by^tumbo*  19|°  a'’°VC  artiCl°  WaS  Publi*hed,  are  described  by 
t  In  this  book,  these  curves  are  called  survivor  curves.  See  Chap.  3. 
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2.  In  the  former,  containers  are  used  (thermal  death  time  cans  only 
in.  high  or  glass  tubes  7  ml  ID),  in  which  the  rate  of  heat  penetration: 

is  so  rapid  that  the  time  required  in  heating  the  contents  to  the  holding! 
temperature  is  often  ignored  in  compiling  the  results,  while  the  containers?! 
used  in  inoculated  packs  are  of  commercial  size  so  that  the  results  of  tests- 
are  appreciably  affected  by  a  lag  in  heating  at  critical  points  in  the: 
containers. 

3.  In  the  former,  the  containers  of  food  are  subjected  to  the  holding! 
temperature  almost  instantaneously,  while  in  the  inoculated  pack  an 
appreciable  length  of  time  is  usually  required  to  bring  the  retort  to  holding! 
temperature. 

We  are  essentially  correct  in  designating  an  inoculated  pack  as  a  heat- 
resistance  test  in  which  the  containers  of  inoculated  food  and  the  retortl 


in  which  the  containers  are  heated  are  so  large  that  the  temperature  con¬ 
ditions  to  which  the  bacterial  spores  are  subjected  are  difficult  to  control. 
Variations  in  distribution  of  spores  may  occur  in  the  food  in  difierenti 
containers,  and  there  may  exist,  in  the  critical  points  of  the  contents  of! 
the  containers,  many  combinations  of  these  distribution  conditions  with 
different  rates  of  temperature  rise.  Because  of  these  possibilities,  it  is: 
necessary  to  include  a  very  large  number  of  containers  in  an  inoculated: 

pack  if  reliable  data  are  to  be  obtained. 

Because  of  the  large  volume  of  experimental  work  required  to  obtain 
reliable  data  through  inoculated  packs  compared  to  that  required  to  set 
up  data  on  which  reliable  calculations  are  based,  it  does  not  appear  either 
logical  or  practicable  to  make  inoculated  packs  for  the  purpose  of  checking 
calculated  results  unless  there  is  some  reason  to  question  the  validity 
the  heat-penetration  data  or  unless  the  thermal  death  time  curve  at  hand 
is  regarded  as  inapplicable  to  the  product  being  studied.  An  exper 
mental  check  may  be  justified  as  an  attempt  to  determine  '  «  "d 

of  the  effect  of  a  factor  such  as  that  of  the  acceleration  of  late  oi  hea 
penetration  by  a  stirring  effect  of  a  thermocouple  stem  within .  a 
food  in  agitation,  but  even  in  such  a  circumstance,  the  value 
experimental  check  is  questionable. 


Symbiosis  and  Commensalism 

A  necessary  specification  for  an  inoculated  pack  is  that the  tood 
rial  be  inoculated  with  microorganisms  which ^ve  “’Jyto  carry 

~  the  microorganisms  of  the  mod 
.  Symbiosis  and  commensalism  arc  discussed  at  some  length  m  Chap. 
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urn  and  those  of  the  original  contamination  may  affect  the  results  of  the 
noculated  pack.  The  deduction  might  be  drawn  that  if  symbiosis  occurs 
n  inoculated  packs,  it  occurs  also  in  the  processing  of  commercially  packed 
ood  and  that  the  inoculated  pack,  therefore,  would  yield  information  that 
vould  serve  better  as  a  basis  for  the  establishment  of  processing  conditions 
han  would  calculated  results,  which  are  based  upon  results  obtained  with 
>ure  cultures.  This  might  be  true  if  the  effect  of  symbiosis  were  always 
he  same.  It  would  seem,  however,  that  the  nature  of  the  original  con- 
amination  would  control  the  nature  of  the  symbiotic  effect,  if  such  exists. 
Since  the  nature  of  this  effect  is  unknown,  we  can  do  little  more  at  this 
ime  than  to  take  note  of  the  fact  that  symbiotic  effects  may  occur  and 
o  make  such  allowance  for  them  as  may  be  feasible,  either  in  calculating 
irocesses  or  in  making  inoculated  packs. 


Influence  of  Numbers  of  Spores 

Closely  related  to  symbiosis,  apparently,  is  the  effect  upon  heat  resist- 
nce  of  the  proximity  to  each  other  of  spores  of  the  same  kind.  The 
hypothesis  of  logarithmic  rate  of  destruction,  from  the  standpoint  of  num¬ 
bers,  does  not  seem  to  stand  up  except  on  the  theory  that  the  resistance 
f  spores  depends  upon  the  close  association  of  two  or  more  spores.  This 
uestion  was  discussed  at  some  length  in  Chap.  3. 

Suppose  a  sterilizing  process  for  a  certain  product,  containing  30  spores 
ier  milliliter  of  a  typical  spoilage  microorganism,  has  an  F  value  of  8.0 
nd  that  the  survivor  curve  at  250°  for  the  microorganism  has  a  slope 
lalue  D  ol  1.0.  the  product  will  be  assumed  to  be  commercially  sterile 
hen  the  number  of  spores  is  reduced  to  3  X  10"7  per  milliliter,  or  to  one 
pore  in  each  3%  million  ml,  according  to  the  survivor  curve. 

The  question  arises  as  to  what  is  to  be  the  interpretation  of  this  survivor 
urve  when  it  is  applied  to  containers  which  hold  34  liter  of  food  each, 
he  curve  indicates  that  lethal  heat,  which  is  equivalent  to  what  is  applied 
y  heating  for  2  nun  at  250°,  is  sufficient  for  sterilization  when  there  is 
.ist  1  spore  in  each  33.333  ml,  but  that,  when  there  is  one  spore  in  each 
.333  ml,  the^  treatment  to  sterilize  must  be  equivalent  to  heating  for 
min  at  250°.  The  former  concentration  of  spores  is  sufficient  to  put 
pe  viable  spore  into  one  of  each  67  containers,  the  latter  sufficient  to 
u  one  viable  spore  into  one  of  each  7  containers.  If  one  spore  finds 

no  1  f  °ne  m  *  COntainer’  how  is  the  heat  going  to  know  whether  this 

o  kill  111  ?  COntainers  or  one  in  67  containers  and  thus  know  whether 

e  STk  3  T  °r  in  2  min?  The  ^-nation  seems  to  lie  m 

lone  lonLr  to  H  !  T  ^  SP°reS  together  than  to  ^11  one 
lone,  longei  to  kill  three  together  than  to  kill  two  together  etc  There 

rea^L^rbabUity  ^  ^ 

uhen  there  is  one  spore  m  7  containers,  on  the  average,  than  when 
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there  is  one  spore  in  07  containers,  on  the  average,  the  probability  of  ai 
F  value  of  3  min  being  required  in  the  former  situation  is  the  same  as  thai 
of  an  F  value  of  2  min  being  required  in  the  latter  situation. 

A  fact  which  must  be  concomitant  with  the  above  is  that  the  present: 
of  one  viable  spore,  on  the  average,  in  one  container  of  each  1,000  con. 
tainers  does  not  mean  that  spoilage  of  the  product  will  average  one  con 
tainer  in  each  1,000  because  there  will  necessarily  be  a  more  or  less  norma 
distribution  of  spores  in  the  containers,  meaning  that  there  will  be  sonr 
containers  with  one  spore  each,  some  with  two  spores  each,  some  with 
three  spores  each,  etc.  It  follows  also  that  in  a  process,  the  container! 
will  be  sterilized  in  the  order  of  ascending  numbers  of  viable  spores  which 
they  contain. 


Technic 

The  technic  of  an  inoculated  pack  is,  in  essence,  the  same  as  that  a 
other  thermal  death  time  tests;  it  consists  of  uniformly  filling  the  con 
tainers,  inoculating  every  container  by  following  a  prescribed  technic 
sealing  the  containers,  processing  lots  consisting  of  specified  numbers  o: 
the  containers  under  different  combinations  of  temperature  and  time,  am 
determining  how  many  containers  in  each  lot  have  been  sterilized.  A 
in  other  thermal  death  time  tests,  the  shortest  time  at  each  temperature 
above  which  there  is  no  process  which  yields  a  positive  (nonsterile)  con 
tainer,  is  taken  as  the  required  length  of  process  at  the  given  temperature 


Inoculation  of  Containers 

Various  technics  are  employed  in  inoculating  containers  of  food.  As . 
rule,  suspensions  of  spores  of  known  concentrations  are  prepared.  Thes 

suspensions  constitute  the  inoculum. 

The  inoculum  is  administered  in  different  instances  by  various  pro 
cedures,  depending  upon  how  the  spores  are  to  he  distributed  in  the  low 
The  simplest  procedure,  employed  when  as  uniform  a  distribution  as  pos 
sible  is  desired,  is  to  mix  the  inoculum  with  a  liquid  phase  ot  the  produc 
such  as  brine,  in  the  proper  proportions  to  put  the  right  number  of  spore 
into  the  quantity  of  the  liquid  which  is  filled  into  the  average  contam 
This  procedure  is  customarily  followed  when  it  is  satisfactory  to  adnn 
ister  the  inoculum  to  the  food  or  to  a  portion  ot  the  food  ill  bulk  form 
i  e  before  the  food  is  filled  into  the  containers.  It  is  used  at  times  m. 
finely  comminuted  solid  foods,  such  as  ground  meat,  which  can 
mixed  after  inoculation  and  before  filling  This  procedure  is  practical 
always  used  when  the  containers  are  to  be  in  agitation  during  c  pioc 
lather  procedure,  when  the  inoculum  is  a  suspension  in  liquid  ra 
is  to  place  a  measured  volume  of  the  suspension  at  a  ch osen  mint  ^ 
food  after  the  food  is  in  the  container  in  which  it  will  be  p.ocess 
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jipette  of  1  or  2  ml  capacity  is  used  to  make  this  inoculation.  The  inocu- 
ation  is  usually  aimed  at  the  point  which  heat-penetration  tests  have 
hown  to  be  the  critical  point  from  the  standpoint  of  sterilization  in  a 
>rocess  like  that  which  will  be  used  for  the  inoculated  pack.  Brine- 
jacked  foods  may  be  inoculated  in  this  manner,  but  the  procedure  is  best 
dapted  to  foods  of  a  highly  viscous  nature. 

To  those  who  feel  that  the  proper  basis  for  evaluating  a  process  lies  in 
he  number  of  surviving  spores  in  a  container,  the  only  proper  method  of 
noculating,  of  course,  is  to  distribute  the  microorganisms  uniformly  in  the 
aod  material. 

Either  pipette  or  hypodermic-needle  inoculation  is  used  when  inoculum 
5  to  be  put  into  the  tissue  of  solid  pieces  of  food.  As  a  rule,  in  this  pro- 
edure,  the  inoculated  piece  is  specifically  placed  in  the  critical  point  of 
he  container  when  the  product  is  filled.  Sometimes  the  inoculum  is 
prayed  onto  solid  food  prior  to  packing. 

Nonliquid  media  have  been  used  to  form  the  inoculum.  For  example, 
xtensive  inoculated  packs  of  spinach  have  been  made  with  inoculum 
Thich  was  suspended  in  soil,  the  natural  habitat  of  the  organisms.  It  was 
bought  that  the  reactions  of  the  spores  to  heat  would  be  more  nearly 
ormal  when  they  were  suspended  in  soil  than  when  suspended  in  a 
uftered  solution.  A  measured  quantity  of  spore-bearing  soil  was  put 
ito  each  can,  presumably  at  the  critical  point  from  the  standpoint  of 
:erilization. 


Check  on  Calculated  Processes 

Under  certain  conditions,  the  inoculated  pack  provides  a  reliable  check 
n  the  accuracy  of  calculated  processes.  The  inoculated  pack  as  it  is 
lstomarily  conducted,  however,  does  not  embody  those  conditions;  usu- 
!ly,  an  insufficient  number  of  containers  is  used.  This  is  not  a  surprising 
•ror  because  (1)  an  inoculated  pack  requires  a  great  amount  of  work  and 
!)  it  is  not  generally  realized  how  many  containers  are  required  to  make 
i  inoculated  pack  which  will  constitute  a  reliable  check  on  the  accuracy 
process  calculations. 


Establishment  of  Conditions 

Conditions  are  more  easily  described  than  they  are  established  in  an 

“  T  COntainera  which  are  artificially  inoculated  with 
.croorgamsms,  the  inoculum  in  the  critical  point  of  each  container  will 
3t  have  the  same  resistance  to  heat  as  will  that  in  the  critical  point  of 
ry  other  container.  Furthermore,  containers  of  food  which  apparently 
.e  identical  do  not  necessarily  have  the  same  rates  of  temperature  r  e 
-  heir  critical  points.  Taking  note  of  these  facts  Ball  [21  made  Z 
talysis  that  was  quoted  in  Chap.  ,.  That  analysis  was  bled  ot  £ 
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“critical  point-thermal  death  time”  hypothesis  in  process  evaluation! 


The  reader  may  make  a  similar  analysis  on  the  basis  of  the  “number  ok 


survivors  per  container”  hypothesis  with  results  not  very  different  from 
those  of  Chap.  1 . 


Additional  Variables  Involved 

Variation  in  heat  resistance  of  bacteria  in  containers  is  due,  as  stateo 


above,  both  to  the  chance  presence  of  different  varieties  of  bacteria  in 
different  batches  of  food  and  to  the  chance  variation  in  grouping  of  indii 
vidual  spores  in  different  locations  through  the  food  in  the  container.  In 
the  analysis  presented  in  Chap.  1,  the  latter  factor  is  given  only  slight 
consideration.  The  assumption  was  made,  for  instance,  that  the  inocui 
lation  of  large  containers  of  food  can  be  effected  as  uniformly  as  can  tht 
inoculation  of  thermal  death  time  tubes  or  thermal  death  time  cans;  ir 
other  words,  that  the  chance  of  effecting  an  inoculation  of  maximum  hea\ 
resistance  in  a  given  location  in  one  large  container  out  of  ten  container? 
inoculated  is  equal  to  the  chance  of  accomplishing  a  similar  result  in  oni 
thermal  death  time  tube  out  of  ten  tubes  inoculated.  Obviously,  with 
most  food  products,  this  is  not  the  case;  the  chance  of  accomplishing  tht 
latter  result  is  many  times  greater  than  the  chance  of  accomplishing  tht 
former  result.  By  that  many  times,  the  number  of  120  containers  foi 
each  combination  of  time  and  temperature  which  was  specified  as  tht 
minimum  in  the  above  comparison  is  too  low.  With  beef  stew  or  spinach 
for  example,  the  chance  that  the  exact  pattern  of  inoculation  desired  wil 
be  accomplished  in  thermal  death  time  cans  may  reasonably  be  25: 1  ove: 
the  chance  that  the  exact  pattern  of  inoculation  desired  will  be  accom 
plished  in  a  No.  303  can  or  jar.  This  ratio  would  increase  the  numbe: 
of  cans  of  a  given  specification  required  in  an  inoculated  pack  foi  eacl 
combination  of  time  and  temperature  from  120  to  3,000. 

It  is  doubtful  whether  or  not  an  inoculated  pack  has  ever  been  madi 
in  which  even  one-tenth  of  this  number  of  containers  of  a  given  specifi 
ration  has  been  processed  under  each  combination  of  time  and  tempera 


containers 


products,  is  manifest. 

Factorial  Basis  of  Comparison 
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,ave  to  be  made  on  a  factorial  basis,  that  is,  on  the  basis  of  dividing  each 
•roup  of  identical  containers  into  many  subgroups  and  processing  these 
eparately  under  one  combination  ol  time  and  temperatuie,  thus  pio 
•iding  data  in  the  best  form  for  statistical  treatment.  Under  these  con- 
litions,  an  analytical  comparison  would  be  still  more  unfavorable  to  the 
noculated-pack  technic  than  is  indicated  above. 


Selected  Results  Indicate  Different  Conclusions 


In  Table  10.1,  selected  results  obtained  from  actual  inoculated  packs 
how  characteristics  which  are  responsible  for  the  acceptance  by  some 
workers  of  such  results  as  providing  reliable  information  on  the  basis  of 
,’hich  processes  may  be  established.  These  data,  taken  from  the  records 
f  the  NCA,  are  fairly  consistent,  notwithstanding  the  small  numbers  of 
ans  used  in  the  packs. 

In  Table  10.2,  on  the  other  hand,  results  from  other  actual  inoculated 
acks  show  characteristics  of  inconsistency  which  tend  to  substantiate  the 
tatements  we  have  made  on  the  failure  of  small-scale  inoculated  packs 
a  measure  up  to  requirements  as  a  means  of  determining  the  conditions 
hich  make  a  sterilizing  process.  The  data  on  beets  and  spinach  are  from 
scords  of  the  NCA,  those  on  lima  beans  and  peas,  from  records  of 
hvens-Ulinois  Glass  Co. 

If  one  were  to  reach  conclusions  from  selected  bits  of  data  as  to  the 
fhcacy  of  the  small  inoculated  pack,  he  might  conclude  from  the  results 
f  the  11-can  pack  of  corn  presented  in  Table  10.1  that  he  could  safelv 


3t  processing  conditions  on  the  strength  of  data  from  an  inoculated  pack 
aving  three  or  four  containers  in  each  combination  of  conditions.  It  is 
ot  even  necessary  to  indicate  how  ludicrous  such  a  conclusion  would  be, 
ecause  one  would  not  have  to  spend  much  time  searching  to  learn  that 
ata  in  quantity  which  would  support  that  conclusion  do  not  exist. 
Vhen  we  advance  to  the  level  of  the  pack  having  from  25  to  100  con- 
nners  in  each  combination  of  conditions,  however,  one  could  tabulate 
uite  an  array  of  data  similar  to  that  in  Table  10.1  through  which  he 
light  be  convinced  that  inoculated  packs  constructed  on  such  a  scale  are 
itisfactory  media  for  use  in  establishing  processing  conditions. 

To  those  who  are  inclined  to  believe  thus,  let  us  say  that  a  complete 
tatistical  analysis  shows  that  even  the  ratio  of  15,000:120.  which  was 

iven  by  the  comparison  cited  in  Chap.  1,  is  out  of  balance  in  favor  of  the 
loculated  pack. 

We  must  not  be  unduly  influenced  by  the  apparent  consistency  of  the 
isults  listed  in  Table  10.1.  We  cannot  afford  to  overlook  the  fact  that 
( ertain  degree  of  consistency  may  appear  in  experimental  results 

niXaWe”  nT'thma  'TteiSamP'e’  e''e"  When  a"  of  the  res'llte  ”e 

n reliable.  In  other  ivords,  it  is  not  safe  to  assume  that,  because  data 
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Table  10.1.  Spoilage  Results  of  Inoculated  Packs,  Showing  an 
Unusual  Pattern  of  Consistency  * 


No.  spores 

Net 

Process 

Product 

Container 

Type 

inoculum 

No. 

Spoilage, 
per  cent 

Pack  mack 
in: 

per 

container 

fill, 

oz. 

con¬ 

tainers 

Temp. 

Time 

Corn 

No.  2  can 

C-1518 

4,000,000 

4 

250 

50 

100.0 

Laboratory 

400 , 000 

3 

250 

50 

100.0 

40 , 000 

4 

250 

50 

25.0 

Spinach 

No.  10  can 

Soil 

+ 

74 

25 

252 

30 

24  0 

Cannery 

+ 

80 

26 

252 

30 

38.5 

+ 

74 

26 

252 

40 

111 

+ 

80 

26 

252 

40 

30.8 

+ 

74 

28 

252 

45 

0.0 

+ 

80 

24 

252 

45 

29  2 

+ 

74 

26 

252 

50 

0.0 

+ 

74 

25 

252 

60 

0.0 

+ 

74 

25 

240 

40 

60.0 

+ 

74 

24 

240 

50 

37  5 

+ 

74 

26 

240 

65 

11.1 

+ 

74 

25 

240 

80 

4.0 

_ 

84 

49 

240 

80 

0.0 

+ 

84 

47 

240 

80 

4.3 

+ 

90 

51 

240 

80 

9.8 

Spinach 

No.  2 can 

Soil 

— 

24 

110 

252 

40 

0.0 

Cannery 

+ 

24 

94 

252 

40 

0.0 

+ 

27 

101 

252 

40 

35 . 6 

_ 

24 

99 

252 

45 

0.0 

+ 

24 

98 

252 

45 

0.0 

+ 

27 

102 

252 

45 

11.8 

+ 

24 

99 

252 

50 

0.0 

+ 

27 

98 

252 

50 

15.3 

24 

98 

240 

50 

0.0 

+ 

24 

99 

240 

50 

37  4 

+ 

27 

98 

240 

50 

91.8 

24 

98 

240 

62 

0.0 

+ 

24 

99 

240 

62 

17  2 

+ 

27 

98 

240 

62 

714 

+ 

24 

111 

240 

70 

10.8 

+ 

27 

99 

240 

70 

47.5 

+ 

24 

100 

240 

80 

6.0 

+ 

27 

99 

240 

80 

12.1 

Spinach 

No.  2  can 

Soil 

+ 

17 

17 

84 

112 

252 

252 

35 

35 

0.0 

3.6 

Cannery 

+ 

19 

99 

252 

35 

57.6 

17 

98 

252 

40 

0.0 

+ 

17 

99 

252 

40 

1.0 

+ 

19 

101 

252 

40 

43.4 

+ 

17 

98 

252 

45 

0.0 

+ 

19 

101 

252 

45 

14.9 

*  Courtesy,  NCA,  Berkeley,  Calif. 

—  means  no  inoculum.  . _ _ 

+  means  regular  inoculum  of  soil;  number  of  spores  unknown. 
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Table  10.2.  Spoilage  Results  of  Inoculated  Packs  Showing  Usual 
Pattern  of  Inconsistency* 


Product 


eets 


Container 


No.  10  can 


inach 


No.  10  can 
(rotating  cooks) 


Type 

inoculum 


Cl. 

botulinum 


Soil 


na  beans 


as 


No.  303  jar 


No.  303  jar 


No.  303  can 


No.  3679 


No.  3G79 


No.  3679 


No. 

spores 

per 

con¬ 

tainer 


300,000 
300 , 000 
30 , 000 

300 , 000 
300 , 000 
30,000 
30,000 
3,000 


+ 

+ 


+ 

+ 


+ 

+ 


+ 

+ 

+ 

+ 


10,000 

10,000 

10,000 


10.000 

10,000 

10.000 

10,000 


10,000 

10,000 

10.000 


Net 

fill, 

oz 


84 

84 

90 

90 

90 

84 

84 

90 

90 

90 

84 

84 

90 

90 

90 

82 

84 

90 

90 

84 

90 


No. 

con¬ 

tain¬ 

ers 


93 

72 

51 
54 

53 

62 

48 

50 

48 

48 

54 
46 

49 

50 

52 

195 

44 

49 

50 

48 

44 


Process 


Temp. 


225 

225 

225 

230 

230 

230 

230 

230 


245 

245 

245 

245 

245 

248 

248 

248 

248 

248 

250 

250 

250 

250 

250 

252 

252 

252 

252 

254 

254 


240 

240 

240 


240 

240 

240 

240 


240 

240 

240 


Time 


34 

50 

50 

20 

30 

10 

15 

15 


36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 


40 

45 

50 


25 

30 

35 

40 


25 

30 

35 


Per 

cent 

spoil¬ 

age 


100.0 

0.0 

25.0 

25.0 
25.0 
100.0 
0.0 
66 . 6 


♦Data  on  spinach  and  beets,  courtesy,  NCA,  Berkeley  Calif 
>le  are  continuous  cooker  processes. 

Data  on  lima  beans  and  peas,  courtesy  Owens-Illinois  Glass  Company. 


0.0 

2.8 

0.0 

24.1 

54.7 

0.0 

6.3 

0.0 

16.7 

27.1 

3.7 

6.5 

0.0 

31.4 

25.0 

0.0 

13.6 
0.0 

13.7 

0.0 

7.0 


62.5 

0.0 

3.5 


Pack  made 
in: 


Laboratory 


Cannery 


Cannery 


46.0  Cannery 
4.2 
27.5 
0.0 


19.0 

17.0 

21.0 


Cannery 


All  spinach  processes  listed  in  this 


290 


STERILIZATION  IN  FOOD  TECHNOLOGY 


appear  to  be  consistent,  they  are  reliable.  They  cannot  be  branded 
as  reliable  data  until  the  fact  has  been  established  that  they  were 
obtained  under  conditions  of  statistical  control.  If  all  experimental  pro 
cedures  involved  in  this  discussion-those  used  to  establish  the  heati 
penetration  and  thermal  death  time  curves,  as  well  as  those  used  in  making: 
inoculated  packs — were  carried  out  under  statistical  control,  the  number 
of  specimens  used  in  all  steps  would  be  greater  than  those  named  in  th* 
previous  discussion,  which  applied  to  procedures  commonly  used,  but  th* 
ratio  of  numbers  required  would  be  more  unfavorable  to  the  inoculated: 
pack  procedure  than  are  the  numbers  given  herein. 

SUMMARY 

An  all-experimental  method  of  evaluating  processes  is  that  employing 
the  inoculated  pack.  The  methods  which  are  called  mathematical  arc 
partly  experimental  and  partly  mathematical.  The  purpose  of  usinj 
mathematical-calculation  technics  is  to  reduce  the  over-all  volume  of  worl 
required  by  substituting  a  calculation  for  a  major  part  of  the  volume  o 
experimental  work  that  would  have  to  be  done  in  making  inoculated  packs 
It  was  shown  in  Chap.  10  that  more  than  99  per  cent  of  the  experimenta 
work  can  be  eliminated  by  evaluating  the  process  mathematically. 
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INTRODUCTION 


The  general  method*  of  process  calculation  is  an  obvious  extension  of 
e  concept  of  partial  sterilization.  But  like  many  other  ideas,  this 
comes  obvious  only  after  it  is  pointed  out  and  discussed.  In  Chap.  4, 
}  defined  partial  sterility  in  the  following  manner: 

If  the  TDT  is  r  min  at  1  degrees,  then  when  heating  lasts  for  t  min  at 
deg,  sterilization  is  t/r  complete,  f 

For  example,  if  r  =  10  min  at  240°F,  then  a  heating  period  of  t  =  2  min 
11  produce  t/r  =  2(o  =  0.2,  or  20  per  cent,  sterility.  Also,  if  r  =  5  min 
246°F,  a  heating  period  of  t  =  4  min  at  246°F  will  produce  t/r  =  % 
0.8,  or  80  per  cent,  sterility.  In  both  cases  we  do  not  define  20  per 

nt  or  80  per  cent  sterility,  for  the  simple  reason  that  we  do  not  know 
uit  it  means. 


Now  we  make  an  assumption  that  these  undefined  sterilities  are  addi- 
'e,  provlded  the  two  sterilizing  periods  are  reasonably  close  to  each 
tier.  There  is  not  as  yet  sufficient  experimental  evidence  to  provide 
acceptable  definition  of  "reasonably  close,”  but  we  may  state,  tenta- 
rely,  that  if  the  substrate  containing  either  the  spores  or  the  vegetative 
mis,  remaining  after  the  first  heating  period,  does  not  return  to  a  non- 
al  temperature  condition  before  the  onset  of  the  next  heating  period 
e  tvo  heating  periods  are  reasonably  close.  If,  in  our  example  the 

?TF,is  foiiowed  ciose,y  by  a  4-mi"  siting 

r,  the  total  sterility  (accepting  the  additive  property)  is 
*  The  general  method  was  first  described  by  Bigelow  et  a!  f‘U  T 

;  am,  t;  a, so,  the 

duation  of  processes  is  established  Tn  • .  ols  in  the  mathematical 

aboUwinbcusedinlhis  ^irt^uelurotrt:^  ,>ro,Ur  °f  »>« 

temperature  T  required  to  reach  the  <\o«\ro  l‘  7  des>gnate  the  time  of  heating 
erred  to  as  TDT  or  TRT.  1  <1U  pomt»  regardless  of  whether  it  be 
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20  +  80  —  100  per  cent.  This  result  can  be  defined  in  an  obvioi 
manner.  We  will  agree  that,  at  100  per  cent  sterility,  all  the  organise 
under  consideration  are  rendered  incapable  of  germinating  in  the  foo< 
For  the  sake  of  completeness,  we  also  agree  to  the  seemingly  trivial  stat 
ment  that,  when  the  sterility  is  above  100  per  cent,  the  organisms  are,  i 
the  intent  and  purpose  of  spoiling  the  food,  all  dead.* 

'Fhe  definition  of  partial  sterility  may  now  be  modified  somewhat 
give  us  the  concept  of  “sterility,”  which  we  define,  in  the  simple  case 
a  constant  heating  temperature,  to  be  the  number  obtained  when  tl 
heating  time  is  divided  by  the  thermal  death  time.  It  is  a  pure,  , 
dimensionless,  number.  Indicating  it  by  .4,  we  have 

A  =  t/r  (11. 

The  sterilizing  rate  is  obtained  by  differentiating  (11.1)  with  respect 
t,  or 

~  =  -  (11. 

dt  t 

Therefore,  the  sterilizing  rate  is  the  reciprocal  of  the  thermal  death  tim 
The  sterility  in  the  case  of  a  varying  heating  temperature  is  obtaini 
by  integrating  (11.2): 

A  = 

where  it  is  understood  that  r  is  now  a  variable  depending  on  the  temper 
ture  and  that  the  integral  is  to  be  taken  between  limits  corresponding 
the  beginning  and  end  ol  the  heating  period.  1  he  integration  indicat 
in  (11.3)  may  be  performed  either  analytically  or  graphically. 


STERILITY  DIAGRAM  AND  STERILITY  CURVE 


For  illustration,  we  will  consider  a  purely  hypothetical  case  where  t: 
temperature  is  held  at  210°F  for  2  min,  then  immediately  rises  to  220° 
where  it  is  held  for  3  min.  Following  this,  it  is  held  tor  5  min  at  230 
4  min  at  235°F,  6  min  at  240°F,  and  5  min  at  230°F.  This  heatn 
schedule  is  shown  in  columns  1  and  2,  Table  11.1.  Hypothetical  therm 
death  times  associated  with  these  temperatures  are  given  m  column 
and  their  reciprocals  in  column  4.  These  reciprocals,  as  was  shown 
the  last  section,  are  the  sterilizing  rates;  that  is,  if  t  =  50  min,  the  s  e 

*  It  is  amusing  to  speculate  on  the  possible  generalizations  and  consequence^ 
these  remarks.  A  pure  mathematician  could  construct  an  “algebra  of  stc  ilit, 

ri^ufopelo'n^ is  kltL  Tin-  inclusion  and  interpretation  subtract,, 
multiplication,  and  division  would  be  of  great  interest. 
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zing  rate  is  =  0.02,  which  is  really  a  statement  to  the  effect  that  it 
=  50  min,  heating  for  1  min  will  produce  2  per  cent  sterility.  Similarly, 
r  =  20  min,  heating  for  1  min  produces  5  per  cent  sterility.  It  follows 
lat  heating  for  2  min  (with  r  =  20)  produces  10  per  cent  sterility. 

The  heating  time  in  column  1  is  multiplied  by  the  sterilizing  rate  in 
>lumn  4  to  give  the  partial  sterility  which  is  entered  in  column  5.  The 
itries  in  column  6  are  the  cumulative  totals  of  the  partial  sterilities  in 
>lumn  5.  Thus,  the  first  three  entries  in  column  5  are  1,  3,  and  10  per 
silt.  The  total,  14  per  cent,  is  shown  in  column  6. 


Table  11.1.  Hypothetical  Case  of  Heating  Showing 
Progressive  Sterilization 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

eating  time, 
min  (0 

Heating  temp., 
°F,  (T) 

r,  TDT  at 
T°  F 

1 

T 

t 

T 

Cumulative 

total 

sterility,  % 

2 

210 

200 

0  005 

0 

010 

1 

3 

220 

100 

0.010 

0 

(1%) 

030 

4 

5 

230 

50 

0 . 020 

0 

(3%) 

100 

14 

4 

235 

20 

0 . 050 

0 

(10%) 

200 

34 

6 

240 

10 

0. 100 

0 

(20%) 

600 

94 

5 

230 

50 

0 . 020 

0 

(00%) 

100 

104 

(10%) 

At  the  end  of  this  hypothetical  process,  we  note  that  sterilization  is 
4  per  cent  complete.  To  obtain  100  per  cent  sterility,  a  3-min  heating 
ne  in  the  last  line,  instead  of  5  min,  could  be  taken.  This  would 
ntnbute  6  per  cent  instead  of  10  per  cent  sterility. 

The  data  of  lable  11.1  are  shown  diagrammatically  in  Fig  11  1  which 
known  as  a  “sterility  diagram.”  The  heavy  bounding  line’  is  the 
enlity  curve  ’  The  length  of  base  of  each  rectangle  is  proportional 
the  heating  time,  and  the  height  corresponds  to  the  sterilizing  rate, 
msequently,  the  area  of  each  rectangle  is  proportional  to  the  product  of 
-  stei  llizing  rate  and  the  heating  time  which  is  the  sterility.  It  follows 
t  the  area  of  all  the  rectangles  is  the  total  sterility 

tion  re'?0"?  "f  CTPariS°n’  “  is  he'Pful  to  construct  a  “unit  sterili¬ 
se  'Klc.  whose  area  is  tl>c  “"nit  sterilization  area  ”  This  rec 

*e  S  T  the  r*r  0f  itS  •«***.  along  the  sterilization  rate 
base,  on  the  time  scale,  is  equal  to  unity.  Its  area  then 
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represents  100  per  cent  sterility.  The  unit  sterilization  area  in  Fig.  H 
has  a  base  corresponding  to  20  min  and  an  altitude  corresponding  to 
sterilizing  rate  of  0.05.  The  product,  20  X  0.05,  is  unity. 


Time,  min 

Fig.  11.1.  Sterility  diagram. 


A  Practical  Example 

With  the  introductory  material  just  presented,  we  are  ready  to  ilia 
trate  the  nature  of  the  general  method  of  process  calculation  by  tl 
solution  of  a  definite  problem. 

The  results  of  a  heat-penetration  test  (vacuum-packed  wholc-grai 
corn)  are  given  in  Fig.  11.2,  and  the  thermal  death  times  ol  the  organ® 
to  be  destroyed  are  as  shown  in  Fig.  11.3.  It  vvdl  be  found  d.fficu  t 
represent  the  heating  curve  in  Fig.  11.2  by  one  or  two  stra.ght  Une 
Furthermore,  it  is  found  that  the  slope  of  the  coolmg  curve  (not  shoe 
in  Fig  11.2)  is  not  at  all  comparable  to  the  slope  o  the  heatmg  curt 
In  this  particular  case,  primarily  because  of  the  irregular.ty  o  the  hea  . 
curve  one  may  decide  that  the  formula  methods  developed  in  Chaps. 
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20 

Time,  min 


Heating  curve — whole-grain 


Table  11.2.  Data  Used  in  Plotting  Sterility  Curve 


Time, 

min 

Heating  tem¬ 
perature,  °F 

TDT, 

min 

j  Sterilizing 
rate,  min 

0 

82 

2 

217 

670 

0.00149 

4 

220 

129 

0 . 0078 

6 

223 

88 

0.0114 

8 

233 

88 

0.0114 

11 

228 

105 

0.0061 

14 

232 

100 

0.0100 

17 

237 

53 

0.0189 

20 

240 

36 

0 . 0278 

24 

242 

28 

0  0357 

29 

245 

19 

0 . 0526 

22 

240 

10.7 

0 . 0599 

25 

247 

14.8 

0  0676 

40 

248 

13 

0  0769 

45 

248 . 5 

12.4 

0.0806 

47 

248.5 

12.4 

0 . 0806 

47 . 5 

247 

14.8 

0.0676 

48 

230 

129 

0 . 0078 

49 

217 

670 

0.0015 
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and  14  are  not  applicable  and  that  the  general  method  must  be  usecr 
W  ith  this  knowledge  of  the  time-temperature  relations  in  the  containe. 
and  of  the  TDT’s  of  the  organism  to  be  destroyed,  the  length  of  time 
which  is  just  sufficient  to  destroy  the  organism,  may  be  calculated. 

The  problem  is  solved  systematically  by  entering  the  heat-pcnetratioi 
data  in  columns  1  and  2  of  Table  11.2.  The  TDT’s  corresponding  to  th: 
temperatures  in  column  2  are  obtained  from  Fig.  11.3  and  entered  ii 
column  3.  The  sterilizing  rates  in  column  4  are  the  reciprocals  of  th: 
TDT’s  in  column  3.  The  data  in  columns  1  and  4  are  next  plotted  oi 
cross-section  paper  (Fig.  11.4),  and  the  points  are  joined  by  a  smoott 


Scole  Scale 

A  B 


£ 

T 


curve  to  form  the  sterility  curve,  lhe  unit  sterilization  area  is  define* 
as  that  area  on  the  sterility  diagram  which  just  represents  complete  sten 
lization.  For  convenience  (related  to  the  scale  divisions  on  the  giaph) 
we  have  chosen  a  rectangle  having  a  height  of  0.05  along  the  sterilizing 
rate  scale  and  a  width  of  20  min  along  the  time  scale.  The  area  is  thei 


0.05  X  20  =  1.  • 

The  area  OCBADEFO  under  the  sterility  curve,  representing  a  47-mu 

process,  is  found  to  be  192  per  cent  of  the  unit  sterilization  area.  Thi 
means  that  a  47-min  process  is  considerably  longer  than  necessary, 
find  the  time  required  for  100  per  cent  sterility,  cooling  curves  similar  < 
the  original  cooling  curve  are  drawn  from  several  places  along  tl\e  *. 
curve.  In  the  figure,  two  curves  are  drawn,  starting  at  25  and  3 
The  areas  under  these  curves  ( OCFO )  and  (OCBEFO)  arc  42  and  97  P 
cent,  respectively,  of  the  unit  area.  By  graphical  interpolation  ‘ 
found  that  after  processing  35.5  min,  complete  sterilization  is  obtair 
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'roblems 

1.  Find  the  processing  time  required  for  complete  sterilization  using  the  same 
ata  as  in  the  foregoing  example,  except  that  temperatures  of  the  heat  penetra- 
ion  curve  are  2°  lower  (e.g.,  at  20  min,  T  —  238  instead  of  240°;  at  29  min, 
1  =  243  instead  of  245°F.) 

2.  What  is  the  processing  time  if  the  temperatures  are  2°  higher  than  in  the 
orked  example? 

3.  Work  the  above  problems  using  the  centigrade  temperature  scale. 

Question.  Let  the  unit  sterilization  area  rectangle  be  drawn  in  the  lower  left- 

and  corner  of  Fig.  11.4  so  that  the  base  of  the  rectangle  coincides  with  the  time 
us.  How  would  you  interpret  the  rectangle  as  a  sterility  curve?  Consider 
arious  rectangles  with  bases  1,  2,  5,  10,  100  min  long. 


I 

Discussion 

The  first  method  developed  for  calculating  processing  times  for  canned 
>ods,  now  known  as  the  general  method,  was  described  in  a  classic  paper 
y  Bigelow  et  al.  [3J.  It  forms  the  basis  of  all  modern  thermal-process 
ilculation.  One  of  the  requirements  of  the  general  method,  as  first  pre- 
pnted,  is  that  the  TDT’s  of  the  organism  being  destroyed  by  the  process 
lust  be  known  for  all  temperatures  attained  during  the  process.  Prac- 
cally,  this  knowledge  is  obtained  by  determining  the  TDT’s  at  several 
mperatures  in  the  processing  range.  The  data  so  obtained  are  plotted, 
dug  a  logarithmic  time  scale  and  a  linear  temperature  scale.  The 
suiting  points  are  connected  by  a  smooth  curve  from  which  TDT’s  are 
■und  for  all  temperatures  during  the  process.  It  is  not  necessary  to 
uwv  the  mathematical  formula  relating  the  TDT  to  the  temperature, 
e  heat-penetration  curve  used  in  the  calculation  represents  the  time- 
mperature  data  at  the  slowest  heating  point  of  the  container  or  at  the 
nnt  at  which  the  sterilizing  value  during  the  process  is  lowest.  The 

£!C.eh°f  “‘T1  p°lnt  in  the  container  is  predicated  on  the  assump- 
that  if  the  bacterial  spores  are  killed  at  this  point,  they  will  certainly 
(destroyed  at  aJl  other  points  since  the  latter  points  will  receive  a  greater 
ount  of  lethal  heat  ”  than  the  critical  point.  This  is  another  assump- 
J"  ",h‘Co  h.rst  ‘‘‘“OS1'1  scems  not  only  reasonable  but  absolutely 

or  curved  and  ^DT ’^d  ^  ^  ^  *>“ 

ohahilitv  T T  ;■  s,llenved  from  them,  introduces  some  delicate 
obabihty  considerations  which  have  not  as  yet  been  completely  worked 

tk  ™  “nCept  Was  ful’y  ana|ysed  in  Chap.  3.  '  Y  kCd 

ermal  ‘°  ^  0‘'ganiSm  ‘hC 

th  a  statement  which  seems  innocent  enough  bu^Jhir  7''’°"“ 
rther  study,  has  far-reaching  implications  ’  "  glWn 

OW  should  we  decide  as  to  what  organism  we  must  destroy?  One 
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way  would  be  to  isolate  the  organisms  responsible  for  spoilage  and  ther 
determine  their  TDT’s.  Practically,  this  would  be  accomplished  b> 
packing  a  product  commercially  and  waiting  until  spoilage  develop?-; 
This  method  is  time-consuming;  besides,  fast-growing  organisms  could  oub 
grow  some  slow-growing,  but  more  resistant,  organisms,  thus  preventing 
the  latter  from  being  detected. 

Another  way  would  be  to  isolate  all  organisms  associated  with  th« 
given  food  product  and  its  container  and  then  make  TDT  tests  on  al. 
these  organisms,  choosing  the  most  resistant  of  them.  Granting  th«i 
feasibility  of  this  procedure,  in  spite  of  its  awkwardness,  we  have  agait 
run  into  a  vicious  circle.  What  is  the  most  resistant  organism  when 
varying  z  values  are  found?  To  answer  this  question,  process  calculation; 
must  be  made  for  each  organism. 

What  we  have  done  so  far  is  to  describe  a  method  whereby  we  car 
determine  whether  or  not  a  given  thermal  process  will  accomplish  th« 
required  degree  of  destruction  of  a  given  organism.  To  do  this,  it  i: 
necessary  to  have  a  heat-penetration  curve  for  the  food  product,  as  wel 
as  to  know  the  can  size,  retort  temperature,  and  initial  temperatun 
involved  in  the  process.  Although  we,  have  now  taken  an  importan 
step  in  the  direction  of  scientific  process  determination,  we  find  on 
method  still  awkward,  laborious,  and  inflexible.  For  instance,  separati 
heat-penetration  curves  are  required  for  each  can  size  01  for  each  letor 
or  initial  temperature.  The  comparative  effectiveness  of  various  proc 
esses  involving  different  combinations  of  can  size,  retort  and  initial  tem 
perature,  and  process  times  is  extremely  difficult  to  evaluate.  In  short 
the  general  method,  as  developed  up  to  this  point,  is  a  powerful  bu 
clumsy  method,  ill  suited  for  routine  calculations.  Every  problem  is  2 
special  problem.  We  shall  in  the  next  section  endeavor  to  lift  some  0 
the  restrictions,  thereby  increasing  the  flexibility  of  the  method. 


Lethality  Curves 

In  the  preceding  section  we  have  learned  how  to  determine  whether  o: 
not  a  given  process  will  destroy  the  spores  of  a  given  organism  Wlnli 
this  in  itself  is  a  noteworthy  practical  achievement,  we  still  have  in 
means  of  comparing  the  effectiveness  of  various  processes.  For  example 
is  a  process  of  70  min  at  250°F  more  effective  than  a  process  of  85  mn 
at  240°F?  In  order  to  answer  questions  of  this  type  we  need  a  me 
of  evaluating  the  effectiveness  or  sterilizing  value  of  a  given  piece* 
Two  processes  are  said  to  be  equivalent  with  respect  to  a  gnc  „ 
ism  when  they  are  equally  effective  with  respect  to  the  heat  destruc 
of  that  organism.  The  sterilizing  value,  or  “  lethality,  ”  of  a  jiixon  pi 
is  defined  to  be  the  length  in  minutes  of  an  equivalent  process  at  - 
whore  the  container  contents,  immediately  upon  the  beginning  of  th 
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process,  attain  retort  temperature,  are  held  at  that  temperature  (250°F) 
for  the  length  of  the  process,  and  at  the  end  of  the  process,  immediately 
drop  to  a  sublethal  temperature.  The  length  in  minutes  of  this  equiva¬ 
lent  process  is  designated  by  the  letter  F,  and  we  say  that  the  process  has 
a  lethality  of  F  min.  Another  way  of  saying  the  same  thing  is  that  the 
process  has  an  F  value  of  F  min;  for  example,  for  a  particular  process, 
p  =  6  min.  We  may  then  state  that  the  process  has  an  F  value  of  6  min. 

Use  of  F/t 

A  considerable  step  in  the  direction  of  generalizing  the  general  method, 
o  make  it  useful  in  evaluating  the  effectiveness  ot  different  processes,  was 
aken  in  1928  by  Ball  [1],  who  introduced  the  plotting  of  the  sterility  curve 
,nd  the  unit  sterilization  area  to  the  basis  of  /'  =  1,  making  the  ordinate 
cale  of  the  sterility  curve  equal  to  the  sterilizing  rate  F/t  which  is  the 
eciprocal  of  log'1  [(250  -  T)/z\.  This  relationship  will  be  explained 
iter  in  the  chapter.  Ball  used  the  symbol  t  to  represent  thermal  death 
ime  r  at  temperature  T°F.  In  the  revised  procedure,  as  presented  by 
lall,  the  calculation  of  data  for  the  sterility  curve  of  the  problem  pre- 
rnted  previously  in  this  chapter  is  done  as  shown  in  Table  11.3,  in  which 
le  first  two  columns  are  identical  with  those  of  Table  112-  the  third 
)lumn  shows  differences  between  250°F  and  the  temperatures  listed  in 
>  umn  2;  the  fourth  column  lists  the  quotients  obtained  by  dividing  the 
dues  in  column  3  by  2,  which  here  is  18;  the  fifth  column  contains  the 
Uikigs  of  the  values  ,n  column  5;  and  the  sixth  column,  the  reciprocals 
the  values  in  column  5.  The  sterility  curve  is  plotted  by  using  the 

a“eeyn  Umns  1  and  6  and  is  the  curve  of  Fi«-  1 1 A  with  the  ordinate 

mMhTamaofth  T T  “  7*  f"-™  °"  Rg'  UA  f°r  scale  B  and  is  «ne- 
g  1 13)  h  °r  A’  Smce  the  latter  is  based  on  F  =  10  (see 

suats  —  *r 

ted  previously.  The  area  OCBA^EFO,  unde  Sv”  ‘  i,,di‘ 
T: nSmoT688’  “  1920  PCT  ~  of  the^uniTsterihzation  area 

ving  an  “  SLT  777*  ‘t°  — *  to  spor" 

11  Sterilize  for  F  =  9  7  and  p  _  ™'  ”  y’  the  processes  of  35  and  25  min 

lation  is  used  to  find  the pljest'  thTw^T*  ^  •  ?raphical 
lue  of  F  from  0  to  19.2  s  ( *i  ize  with  respect  to  any 

^ing  a  sh^pe  Calue  but^o^osi ti on ° whi^h  ^al ma^  ^e.a^  time  curve 

i  Muon,  w inch  Ball  characterized  in  1943  [2] 
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as  a  phantom  curve.  In  this  case,  however,  an  actual  thermal  death 
time  curve  is  employed,  having  F  value  of  unity. 

Let  us  recall  the  equation  of  the  TDT  curve  from  Chap.  4.  There  we 
found  that 

25°^  (11.4) 


l°gp  = 


When  T  =  250,  log  (t/F)  =  0,  ( t/F )  =  1,  or  r  =  F.  That  is,  F  is  the 
TDT  of  the  organism  at  250°F.  It  is  obvious,  then,  that  a  process  having 

Table  11.3.  Calculation  of  Data  for  Generalized  Sterility  Curve 


Time, 

min 

Heating  temp., 
°F,  (T) 

250  -  T 

250  -  T 

T 

F 

z 

0 

82 

168 

9.340 

2.188  X  109 

2 

217 

33 

1.665 

46.24 

4 

230 

20 

1.110 

12.91 

6 

233 

17 

0.945 

8.81 

8 

233 

17 

0.945 

8.81 

11 

228 

22 

1.221 

16.63 

14 

232 

18 

1.000 

10.00 

17 

237 

13 

0.668 

4.66 

20 

240 

10 

0.556 

3.60 

24 

242 

8 

0.444 

2.78 

29 

245 

5 

0.278 

1.90 

32 

246 

4 

0.222 

1.67 

35 

247 

3 

0.167 

1.47 

40 

248 

2 

0.111 

1.29 

45 

248.5 

1.5 

0.083 

1.21 

47 

248.5 

1.5 

0.083 

1.21 

47.5 

247 

3 

0.167 

1.47 

48 

230 

20 

1.110 

12.91 

49 

217 

33 

1.665 

46.24 

Sterility  rate, 
min 
F 


O.OH57 

0.0216 

0.0775 

0.114 

0.114 


0 . 060 
0.100 
0.215 
0.278 
0.360 


0 . 526 
0 . 599 
0.680 
0.775 
0.827 


0.827 
0 . 680 
0.0775 
0.0216 


a  lethality  of  F  min  would  destroy  an  organism  navmg  a  x  ^ 
at  250°F.  .  The  numerical  equivalence  of  the  /'  used  in  C  hap.  4  to  esi 
nate  the  number  of  minutes  required  to  destroy  an  organism  at  2M 
and  the  F  used  in  this  chapter,  as  a  symbol  lor  the  lethal  value  of  a  p  • 

is  thus  established.  Although  ordinarily  no  confusion  is  like  ly  ^ 

in  using  this  same  symbol  for  two  different  things  (t  e  1 

an  organism  and  the  length  of  an  idealized  process),  smee  there ^ 
numerical  agreement,  the  difference  should  be  borne  in  mi  .  ^ 
sophisticated  arguments,  it  may  sometimes  be  nec  > 
between  the  two  by  appropriate  subscripts. 
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Let  us  consider  a  TDT  curve  passing  through  the  point  1  min  at  250° I' 
?  =  1).  Then  (11.4)  becomes 


lOg  T  = 


250  -  T 


=  log 


-i 


250  -  T 


he  sterilizing  rate  associated  with  this  particular 
•  be  the  “lethal  rate”  L  =  1/r.  Thus 


(11.5) 

TDT  curve  we  define 


(11.6) 


mm  this  equation,  lethal  rates  may  be  calculated  for  any  values  of  T 
id  z.  Table  11.4  gives  lethal  rates  for  T  =  216°F  to  T  =  260°F  and 
r  z  =  10  to  z  =  26.  The  abstract  nature  of  the  lethal  rate  is  worthy 
note.  It  is  not  associated  with  any  particular  organism,  but  is  rather 


rABLE  11-4.  Lethal  Rates  (F/t,  When  F  =  1)  for  Various  Temperatures 

and  Values  of  z 


Temp.,  °F 

z  =  10 

z  =  14 

z  =  18 

216 

0 . 0004 

0 . 0037 

0.0129 

218 

0 . 0006 

0 . 0052 

0.0167 

220 

0.0010 

0  0072 

0.0215 

222 

0.0016 

0.0100 

0  0278 

224 

0  0025 

0.0139 

0.0359 

226 

0 . 0040 

0.0193 

0 . 0464 

228 

0  0063 

0 . 0268 

0 . 0599 

230 

0.0100 

0.0374 

0.0774 

232 

0.0159 

0.0518 

0.1000 

234 

0 . 0252 

0.0721 

0.1292 

236 

0.0398 

0. 1000 

0. 1668 

238 

0.0631 

0.1390 

0.2154 

240 

0. 1000 

0.1931 

0 . 2783 

242 

0.1585 

0.2683 

0  3594 

244 

0 . 2522 

0.3737 

0 . 4642 

246 

0.3981 

0.5179 

0 . 5993 

248 

0.6310 

0.7210 

0  7743 

250 

1  0000 

1 . 0000 

1  0000 

252 

1 . 585 

1.390 

1  . 292 

254 

2  522 

1.931 

1 . 668 

256 

3.981 

2 . 683 

2. 154 

258 

6.310 

3.737 

2 . 783 

260 

10  000 

5  179 

3.594 

z  =  22 

z  =  26 

0.0285 

0.0492 

0.0351 

0.0588 

0.0433 

0 . 0702 

0.0534 

0.0838 

0 . 0658 

0.1000 

0.0811 

0.1194 

0.1000 

0.1425 

0.1233 

0.1701 

0.1520 

0.2031 

0.1874 

0  2425 

0.2310 

0 . 2894 

0.2848 

0.3455 

0.3512 

0.4125 

0.4329 

0.4924 

0.5336 

0.5878 

0.6579 

0  7017 

0.8111 

0 . 8377 

1 . 0000 

1  0000 

1  233 

1.194 

1  520 

1 . 425 

1  .874 

1.701 

2.310 

2.031 

2.848 

2.424 
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a  function  of  two  variables  T  and  z.  The  usefulness  of  this  concept  wh 
soon  become  apparent. 

We  now  can  construct  a  curve,  similar  to  a  sterility  curve,  from  an 
heat-penetration  curve  and  the  lethal  rate,  using  the  lethal  rate  in  tl 
same  manner  as  we  did  the  sterilizing  rate.  The  unit  sterilizing  area  wf 
now  become  the  unit  lethal  area,  and  the  area  under  the  curve  will  b 
in  terms  of  the  unit  lethal  area,  the  “lethality,”  or  lethal  value,  of  tl 
process.  The  proof  of  this  statement  is  easy. 

From  the  definition  of  sterility,  we  have 

dt 

-  =  i  (ii.; 

T 

and  from  (11.4)  we  get 

T-  =  io<«o-r>/,  (1U 


Rearranging,  and  substituting  (11.6), 


1 

r 


1  X  10^-250)/,  =  1  log-l 

r  r 


Integrating,  we  have 


or 


L 

F 


(1H 


(11. 1( 


This  is  to  say,  the  integral  of  the  lethal  rate  over  the  time  interval  0  to 
gives  us  the  F  value,  or  lethality. 

It  is  clear  that  the  advantage  of  the  lethality  curve  over  the  stenlit 
curve  is  that  we  are  no  longer  dependent  on  the  knowledge  of  the  TD 
of  any  organism.  We  can  determine  the  F  value  of  any  process  and  con 
pare  it  with  the  F  value  of  any  other  process  and  thus  tell  which  of  tl 

two  is  the  more  effective. 

Example  1.  To  illustrate  the  principles  involved,  we  shall  assume  the  hyp 
thetical  heat-penetration  data  given  in  the  following  table. 


Time,  min 

M 

Temp.,  °F 

0-5 

5 

216 

5-10 

5 

226 

10-12 

2 

232 

12-15 

3 

238 

15-20 

5 

242 

20-25 

5 

234 

25-30 

5 

222 
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We  now  construct  Table  11.5,  based  on  z  =  18.  We  find  that  the  F  value  of 
he  process  is  equal  to  3.726  min. 

Table  11.5.  Table  Illustrating  the  Calculation  of  F  Values  of  a 
Process  by  Improved  General  Method 


(1) 

t 

(2) 

T 

(3) 

L 

(4) 

At  L 

(5) 

Cumulative 

lethality 

5 

21G 

0.0129 

0 . 064 

0 . 064 

5 

226 

0.0464 

0 . 232 

0 . 296 

2 

232 

0.1000 

0 . 200 

0 . 496 

3 

238 

0.2154 

0 . 647 

1 . 143 

5 

242 

0 . 3594 

1 . 798 

2.941 

5 

234 

0. 1292 

0 . 646 

3 . 587 

5 

222 

0 . 0278 

0.139 

3.726 

Use  of  F/t  without  Plotting  Lethality  Curve 

Patashnik  in  1953  [5]  published  a  table  of  F/t  values,  based  on  F  =  1, 
>r  temperatures  from  180  to  200°F  and  2  values  from  17  to  23.  In  that 
ublication,  Patashnik  illustrated  a  revision  of  the  method  just  presented, 
hich  was  used  by  Schultz  and  Olson  [6],  by  which  a  process  can  be 
Dproximately  evaluated  without  plotting  a  sterility  or  a  lethality  curve, 
t  equal  time  intervals  during  a  heat-penetration  run,  he  records  can 
mperatures  in  the  second  column  of  a  table  similar  to  Table  11.5  (time 
in  the  first  column).  He  enters  into  the  third  column  the  sterility  rate 
/r  values  corresponding  to  the  temperatures  listed  in  column  2,  applies 
ie  trapezoidal  integration  rule  to  the  values  of  column  3  to  give  the  area 
jneath  the  unplotted  sterility  curve,  and  multiplies  this  sum  by  the 
imber  of  minutes  in  the  uniform  time  interval  between  temperature 
adings.  This  operation  gives  the  value  of  F  for  which  the  given  process 
presents  sterility.  For  instance,  if  the  interval  between  recorded  tem- 
jratures  is  5  min,  2 F/t  is  multiplied  by  5.  This  method,  of  course  is 
ised  on  the  premise  that  the  integrated  value  of  F/t  represents  the 

•mposite  F  value  of  one  average  minute  of  each  time  interval  between 
mperature  readings. 


SPECIAL  COORDINATE,  OR  LETHAL-RATE,  PAPER 

A  ;uk.d  paper,  designed  for  use  with  special  lethal-rate  coordinates 
>out  to  be  described,  represents  a  further  improvement  in  the  general 

anwith'V  1^1  r'CUlatl°nS  "lay  bC  made  with  considerably  less  effort 
misn  a  y  °UrVeS  °"  °rdinary  c00rdinate  paper  and  the  chances 
■  plotting  points  are  decreased.  For  clarity  of  exposition,  a  2  value 
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of  18  is  assumed  in  the  description  of  the  construction  of  this  specin 
coordinate  paper.  The  application  to  other  values  of  z  is  obvious. 

A  sheet  of  paper  is  ruled  with  two  horizontal  lines  unit  distance  apar: 
The  bottom  line  will  be  referred  to  as  the  zero  line  and  the  top  line 
marked  250° f  for  the  present.  For  every  degree  of  temperature  in  tli 
processing  range  (for  the  time  being,  it  is  assumed  this  does  not  excel* 
250°F),  the  value  of  L  is  calculated  (or  found  in  Table  11.4)  and  a  hon 
zontal  line  is  drawn  whose  distance  is  L  units  above  the  zero  line.  Th 
lines  are  numbered,  not  with  the  values  of  L,  but  with  the  correspondin 


Fig.  11.5.  Lethal-rate  paper. 


values  of  T.  Vertical  lines  for  the  time  scale  may  be  ruled  in  any  con 
venient  manner  provided  that  the  time  scale  is  linear.  A  paper  ruled  i) 
this  manner  is  illustrated  in  Fig.  11.5. 

The  objection  might  properly  be  raised  that  this  construction  allow 
ho  choice  in  the  units  for  the  vertical  scale.  For  instance,  it  the  highes 
temperature  reached  in  the  heat-penetration  test  were  227  F,  the  curv 
would  occupy  a  very  narrow  band  at  the  bottom  ot  the  page  and  woul< 
be  too  small  to  be  measured  conveniently  with  a  planimeter.  T  i 
difficulty  is  not  so  serious  as  might  be  thought  at  first,  as  the  followini 

considerations  will  show. 

Consider  two  temperatures  T  and  T'  such  that 

T  -  18  =  T'  (U-11 


Then,  when  T  -  250  is  divided  by  18,  the  remainder  is  the  same  as  whei 
7”  -  250  is  divided  by  18.  Since  the  remainder  is  used  as  the  mantissi 
of  a  common  logarithm,  the  antilog  of  (T  —  250)/18  will  be  representec 
by  the  same  sequence  of  digits  as  the  antilog  of  (7'  2o0)/18,  an 
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ntilogs  will  differ  only  by  a  factor  of  10.  The  18  integers  from  250  to 
33  have  values  of  L,  each  ten  times  as  great  as  the  values  of  L  corre- 
ponding  to  the  18  integers  from  232  to  215.  An  extension  of  this  argu- 
lent  will  show  that  the  values  of  L  run  in  cycles  corresponding  to  an 
8°F  change  in  T,  and  the  values  of  L  in  any  cycle  differ  from  the  values 
i  the  cycle  between  250  and  233  only  by  some  factor  of  10.  Hence, 
i stead  of  numbering  the  top  line  250,  it  could  be  numbered  268,  250, 
32,  214,  etc.  This  allows  a  certain  freedom  in  the  choice  of  the  vertical 
?ale.  If,  as  before,  the  highest  temperature  reached  w*ere  227°F,  the  top 
ne  could  be  numbered  232,  and  then  the  curve  would  extend  over  half 
le  page.  Thus,  by  a  proper  choice  of  scale,  it  is  always  possible  to  have 
le  top  of  the  curve  somewhere  in  the  upper  nine-tenths  of  the  page. 

If  a  great  number  of  calculations  have  to  be  made,  it  may  be  desirable 
3  have  a  special  plate  made  for  printing  lethal-rate  paper  based  on  z  =  18, 
hich  is  the  most  commonly  used  value  of  z.  For  other  values  of  z,  a 
beet  is  carefully  ruled  and  copies  made  by  the  planograph  process.  A 
ill  simpler  method  is  to  rule  a  template  to  be  used  under  tracing  paper. 
When  doing  very  accurate  work,  it  is  necessary  to  check  the  size  of  the 
aper  to  determine  possible  shrinkage  and  make  the  proper  corrections. 


Use  of  Lethal-rate  Paper  in  Process  Calculations 

In  using  this  special  coordinate  paper,  points  are  marked  on  it  corre- 
ponding  to  the  time-temperature  points  of  the  heat-penetration  data. 
-  smooth  curve  is  drawn  connecting  the  points,  and  the  area  under  the 
Lirve  is  measured  by  any  convenient  means,  preferably  a  planimeter. 
he  F  value  of  the  process  is  obtained  from  the  area  under  the  curve  by 
le  formula 

mA' 

Wd  (11-12) 


F  = 


here  m  —  number  of  minutes  represented  by  1  in.  on  time  scale 
A'  =  area  under  curve,  sq  in. 

c  =  number  of  18°F  changes  that  must  be  made  to  change  number 
of  top  line  from  250  to  desired  number  (c  is  positive  if  top 
line  is  numbered  less  than  250  and  negative  if  it  is  numbered 
greater  than  250) 

d  =  number  of  inches  from  zero  line  to  top  line 

iguie  11.5  shows  the  data  of  our  introductory  example  plotted  on 
mai-rate  paper. 

('ass  [4]  made  a  valuable  extension  of  the  above  method  by  removing 

-aph  “R0"  °n  \  Selfti0n  °f  the  temPerature  scale  for  the  lethality 
_aph.  It  was  shown  how  the  maximum  temperature  could  be  made 

Plus  or  minus  multiples  of  the  *  value  for  which  the  lethal-rate  paper 
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was  constructed.  Each  different  scale  requires  the  use  of  a  different  uni 
area  in  making  the  calculations. 

Actually,  there  need  be  no  limitation  on  the  choice  of  the  scale  for  th 
lethal-rate  paper  it  a  suitable  unit  area  is  calculated  for  use  with  the  seal 
selected.  In  constructing  the  lethal-rate  paper  for  a  given  2  value  of  th 
thermal  death  curve,  the  lethal  rates  (L)  for  temperatures  in  the  processin 
range  are  calculated  with  250°F  represented  by  L  =  1.  The  temperatun 
lines  are  then  drawn  at  the  corresponding  L  units  above  the  base  wit 


Table  11.6.  Unit  Areas  for  Use  with  Various  Maximum 
Scale  Temperatures 


(When  d  =  10, 

in  =  10,  and  2 

=  18)* 

°F 

Unit  Area 

°F 

Unit  Area 

250 

1 .000 

232 

10.00 

249 

1.136 

231 

11.36 

248 

1.292 

230 

12.92 

247 

1.468 

229 

14.68 

246 

1 . 668 

228 

16.68 

245 

1.896 

227 

18.96 

244 

2.154 

226 

21.54 

243 

2.448 

225 

24.48 

242 

2.782 

224 

27.82 

241 

3.162 

223 

31.62 

240 

3.594 

222 

35.94 

239 

4.084 

221 

40.84 

238 

4.642 

220 

46.42 

237 

5.276 

219 

52.76 

236 

5 . 994 

218 

59 . 94 

235 

6.814 

217 

68.14 

234 

7.742 

216 

77.42 

233 

8 . 798 

215 

87.98 

*  When  d  =  20,  unit  areas  are  one-half  of  values  given. 


the  top  line  unity.  Since  the  thermal  death  curve  representing  the  rela 
tionship  between  L  and  temperature  is  a  straight  line  on  semilog  paper 
it  is  apparent  that,  there  is  a  temperature  coefficient  for  L.  This  woulc 
mean  that  a  change  of  a  given  number  of  degrees  temperature  anywheri 
in  the  range  multiplies  or  divides  the  L  by  a  constant  lactoi  so  long  as ^ 
does  not  change.  It  is  found  that  L 240  =  -i^o/ *1.594,  T230  —  ^250  3-59 
etc.  If,  then,  the  top  line  were  to  represent  240°F,  Luo  =  L2i 0/3.594 
L290  =  L240/3.59  42;  etc.  The  change  in  L  from  240  to  230°F  is  the  sam< 
fraction  of  the  total  scale  when  240°F  is  the  top  line  as  the  change  Iron 
250  to  240°F  when  250°F  is  the  top  line.  This  is  true  on  down  the  seal* 
and  for  any  temperature  interval.  Therefore,  with  no  change  in  z,  * 
given  line  on  the  paper  is  always  in  the  correct  position  to  represen 
lethal  rate  at  a  certain  number  of  degrees  below  the  temperature  se  ec 
for  the  top  line. 
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“The  unit  area  to  be  used  with  any  given  selection  for  the  top-line  tem- 
erature  is  calculated  as  follows:  The  unit  area  must  be  an  area  on  the 
aper  such  that  the  product  of  the  ordinate  (lethality)  and  abscissa  (min- 
tes)  equals  unity.  The  lethal  rate  of  the  top  line  may  be  calculated  with 
irmula  (11.12),  and  the  distance  from  the  base  to  the  top  line  is  measured, 
he  number  of  minutes  to  the  inch  on  the  linear  time  scale  is  noted, 
hen, 

Unit  area  (sq  in.)  =  —  j  (11.13) 

m  L 

here  d  —  number  of  inches  from  base  to  top  line 
m  =  number  of  minutes  per  inch  on  time  scale 
L  —  lethal  rate  for  temperature  selected  for  top  line  (when  L  =  1 
at  250°F) 

lis  unit  area  represents  a  sterilization  value  (F)  of  1.  The  sterilization 
lue  for  any  length  of  process  is  found  by  measuring  the  area  enclosed 
the  lethality  curve  and  the  base  line  and  dividing  by  the  unit  area, 
lit  areas  for  a  graph  of  the  usual  dimensions  are  given  (Table  11.6).” 


CONVERSION  OF  RETORT  AND  INITIAL  TEMPERATURES  IN 
GENERAL-METHOD  CALCULATIONS 


If  an  experimental  heat-penetration  curve  has  been  determined  for  a 
rticular  retort  temperature  and  it  is  desired  to  find  the  corresponding 
ii  temperatures  for  different  retort  and  initial  temperatures,  the 
aversions  may  be  made  by  the  following  methods. 

When  the  initial  temperature  remains  the  same  but  the  retort  tem- 
rature  is  changed, 


T'  —  T 

T'  _  T’  1  1  1  0  tm 

Tx~  To  (/l 


T) 


(11.13a) 


iere  T !  =  original  retort  temperature 
T[  =  new  retort  temperature 
T0  —  initial  temperature 
T  =  can  temperature  of  original  set 
T'  =  a  new  can  temperature  corresponding  to  T 
if  T  is  plotted  against  T,  the  graph  will  be  a  straight  line  since  7V  is 
mear  function  of  T.  Hence,  it  is  necessary  to  use  the  formula  for  only 
°  temperatures  and  join  the  points  with  a  straight  line.  Any  two 
ues  of  I  may  be  selected  for  this  purpose.  If  T  =  ]\  then  T'  =  T' 

1  hence  one  point  on  the  line  will  be  that  represented  by ’the  two  (equal) 
bal  temperatures.  By  using  these  two  points,  it  is  possible  to  draw 

til  ?  "  ;  "S"f  lhe  formula-  1,1  practice,  however,  unless  the 

hal  temperature  .s  high,  it  will  be  found  desirable  to  use  the  point  rep- 
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resented  by  two  retort  temperatures  and  find  the  other  point  by  applyinj 
the  formula  to  a  value  of  T  of  about  200°F.  This  choice  of  the  secom 
point  is  desirable  because  temperatures  below  200°F  are  not  used  in  moa 
general-method  calculations,  and  a  graph  extending  down  to  a  low  initia 
temperature  would  be  inconveniently  large  if  it  were  to  give  accuratl 
results  at  temperatures  near  the  retort  temperature. 

When  the  retort  temperature  remains  the  same  but  the  initial  tern 
perature  is  changed, 


r  =  Tr  -  ^ 


rp  rpt 

1  1  ~  1  0 


T i  -  To 


(Tx  -  T) 


(11.14 


This  equation  also  represents  a  straight  line,  and  it  is  necessary  to  fim 
only  two  points  in  order  to  draw  it.  If  T  =  Th  then  T'  =  T h  so  tha 
the  point  represented  by  the  two  (equal)  retort  temperatures  may  b: 
chosen  for  one  of  the  points.  The  point  represented  by  T  =  T0  an: 
T’  =  To  could  be  chosen  for  the  other  point,  but  here  too,  and  for  th 
same  reason,  it  will  be  found  more  convenient  to  use  a  value  of  T  of  abou 
200°F  for  determining  the  other  point. 

If  it  is  desired  to  change  both  the  retort  temperature  and  the  initi; 
temperature,  the  two  formulas  can  be  applied  successively  in  either  orde 

Strictly  speaking,  these  formulas  should  be  used  only  for  points  on  th 
heating  curve,  and  points  on  the  cooling  curve  should  be  transformed  b 
different  equations.  Since  the  error  introduced  by  using  the  same  fo) 
mula  for  both  heating  and  cooling  is  not  of  serious  magnitude,  that  cours 

is  followed. 

These  formulas  were  originally  derived  on  the  assumption  that  heatin 
is  by  conduction.  It  can  be  demonstrated  that  the  equations  are  ah 
valid  for  “ideal”  convection  heating  as  described  in  Chap.  8.  Therefoi 
the  formulas  may  be  applied  to  broken  heating  curves  since  these  ha\ 
been  shown  to  be  due  sometimes  to  convection  heating  followed  by  coi 
duction  heating.  In  the  case  of  vacuum-packed  products,  the  use  of  the: 
formulas  becomes  questionable,  since  a  mathematical  theory  of  he: 
transfer  in  vacuum-packed  products  has  not  been  developed. 


Relation  between  Areas  under  Lethal-rate  Curves  for  Different 

Retort  Temperatures 

From  the  above  considerations,  it  is  obvious  that  one  of  the  inhere! 

weaknesses  of  the  general  method  of  calculating  processes  .s  its  mfle 

bility  The  procedure  just  described  foi  convening  t  * 
penetration  data  to  the  equivalent  for  any  retort  t«npe»tu»  gm 
increases  the  usefulness  of  the  general  method.  Howeve r ,  by  h  mea 
the  points  of  every  lethal-rate  curve  must  be  calculated  and  plot  , 
^e  area  under  the  new  curve  measured  with  a  plannneter  or  by  otb 
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neans.  It  was  hoped  that  a  simple  formula  could  be  developed  to  give 
he  F  value  of  any  converted  lethal-rate  curve  if  the  F  value  of  the  given 
urve  is  known.  It  can  be  proved  that,  in  general,  no  such  formula  can 
>e  found.  The  proof  follows: 

If  T\  is  a  given  lethal-rate  curve  and  T\  is  an  equivalent  curve  drawn 
or  a  different  retort  temperature,  it  is  desired  to  find  the  relation  between 
he  areas  under  the  curves. 

The  lethal  rate  L  is  given  by  (11.6)  and  (11.15) 

7’  _  950 

L  =  iog-i - =  ee(T- 250)  (11.15) 

z 

'here  /3  =  (loge  10)  /z 
The  F  value  of  an  x-min  process  is  then 

F  =  01.16) 

(id  the  ratio  of  the  areas  under  the  curves  ot  two  x-min  processes  at 
imperatives  T i  and  T[ ,  respectively,  is 


r  dt  (x  ePT'  dt 

R  =  -  =  1° 

]*  dt  fx  dt 


(11.17) 


If  the  heating  is  by  conduction,  T\  is  a  linear  function  of  Th  that  is, 


T\  =  a  +  bl\ 

(11.18) 

Substituting  in  (11.17),  we  have 

f*  e*T'  dt 

R  =  e-<tf  Jo 

(11.19) 

1  eW'dt 

Expanding  the  exponential  terms  in  the  integrands  and  reversing  the 
dei  ot  integration  and  summation,  we  have 


Let 

len 


2  0'  j’  (T.’/nl)  dt 

R  =  e~a &  _ 

00 

v  6”/3»  f  ‘(T>-/nl)dt 

n  =  0 


an 


n  i  n 

— r-  dt 
n\ 


(1 1.20) 


(11.21) 


oo 


R  =  e-o0_n^O_ 


^  «n(6|8)" 

n  =  0 


(11.22) 
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As  an  is  undetermined  as  long  as  rl\  is  undetermined,  2an(3n  represent 
a  power  series  in  with  undetermined  coefficients.  But  2an(618)"  is  th 
same  function,  differing  only  by  the  argument.  Therefore  R  is  propoi 
tional  to  the  ratio  of  two  unknown  functions  that  differ  only  by  thei 
arguments.  As  these  functions  might  be  anything  whatever,  their  rati 
is  unknown.  Therefore  there  is  no  simple  relation  between  the  area 
under  lethal-rate  curves  drawn  for  different  retort  temperatures.  It  mue 
be  understood  that  this  proof  applies  only  to  the  general  case  where  th 
lethal-rate  curve,  consequently  the  heating  and  cooling  curves,  are  an 
given  function  whatever.  If  the  heating  and  cooling  curves  are  restricte 
to  logarithmic  or  other  such  functions,  it  may  be  quite  possible  to  deriv 
the  desired  formula,  but  in  such  a  case  nothing  would  be  gained,  for  th 
problem  could  then  be  solved  by  the  methods  given  in  Chaps.  12  and  b 


DETAILED  EXAMPLES  OF  THE  APPLICATION  OF  THE  GENERAL  METHOD 


To  illustrate  the  power  of  the  general  method  to  handle  processin 
problems  of  great  complexity,  we  shall  show  in  detail  in  Chap.  13  th 
steps  involved  in  the  calculation  of  the  length  of  process  when  there  is 
break  in  the  heating  curve  and  a  divided  process  is  used.  A  divide 
process  has  been  deliberately  chosen  because  the  mathematical  compl 
cations  arising  from  the  analytical  treatment  of  a  divided  process  are  s 
great  as  to  make  it  utterly  impracticable.  However,  improvements  i 
the  formula  method,  which  will  be  introduced  in  (  hap.  14,  have  lesulte 
in  putting  into  our  arsenal  of  weapons  a  good  empirical-formula  metho 
for  solving  such  problems.  The  general  method  can  treat  this  pioblei 
with  a  comparatively  slight  increase  in  complexity  over  that  of  the  trea 
ment  of  a  simple  process.  The  examples  are  given  in  Chap.  13  nndt 
Problems  20  and  21. 

SUMMARY 


The  general  method  of  process  calculation  employs  a  graphical  proc< 
dure  which  is  broadly  flexible,  permitting  accurate  results  to  be  obtaine 
with  any  combination  of  conditions.  Thus  it  is  applicable,  without  qual 
fying  assumptions,  to  some  situations  to  which  certain  qualifying  assunq 
tions  must  be  applied  if  a  formula  method  of  calculating  is  to  be  used 
In  the  general-method  procedure,  data  from  the  heating  curve  and  tt 
thermal  death  time  curve  are  combined  in  a  tabulation  operation  to  pn 
duce  the  coordinate  values  of  a  lethality  curve,  the  area  beneath  wh 
indicates  the  lethal  value  of  the  process.  The  area  is  measured  to  piodu 

thTeZm  is  the  price  paid  for  the  advantage  of  broad 
precision.  The  time  required  for  a  determination  by  the  geneial 
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several  fold  that  during  which  a  calculation  can  be  made  by  a  formula 
lethod. 

A  direct  application  of  the  lethality-curve  procedure  is  found  in  the 
thal-rate  paper  method  of  making  process  calculations.  Coordinate 
iper  is  so  constructed  that  the  lethality  curve  can  be  drawn  without 
t>ing  through  the  tabulation  operation  which  is  a  part  of  the  general 
lethod.  This  is  accomplished,  however,  with  a  drastic  sacrifice  of  flexi- 
lity.  The  lethal-rate  paper  method  represents  a  compromise  between 
^e  general  and  formula  methods.  It  possesses  the  precision  of  the 
rmer,  the  speed  of  the  latter,  and  the  flexibility  of  neither. 


SYMBOLS 

(=  t/r)  Value  of  partial  sterility  (a  pure,  or  dimensionless,  number). 
Area  under  curve  on  lethal-rate  paper. 

Time  value  of  intercept  on  time  axis  of  linear  curve  showing  relationship 
between  7\  and  T[. 

=  Jj  (7’Vn!)  dt. 

Slope  of  linear  curve  showing  relationship  between  T,  and  T[. 

=  (log,  10)  /z. 

Number  of  18  t  changes  that  must  be  made  to  change  number  of  top 
line  on  lethal-rate  paper  from  250  to  desired  number. 

Number  of  inches  from  zero  line  to  top  line  on  lethal-rate  paper. 

See  Chap.  4. 

(==  1/t)  Lethal  rate  (sterilizing  rate  associated  with  F  =  1). 

Number  of  minutes  represented  by  1  in.  on  time  scale  on  lethal-rate 
paper. 

Ratio  of  areas  under  two  lethal-rate  curves. 

T o,  T i  See  Chap.  5. 

New  can  temperature  corresponding  to  7’. 

New  retort  temperature. 

►T  Thermal  death  time. 

See  Chap.  5. 

Time  required  to  destroy  microorganisms  at  7’°F. 

See  Chap.  4. 

Thermal  reduction  time  at  temperature  7’°F. 
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Heating  Curve — Simple  Logarithmic  Temperature  Rise 


To  introduce  the  method  gradually  and  at  the  same  time  clearly 
idicate  the  underlying  concepts,  we  will  first  solve  the  problem  of  finding 
le  F  value  associated  with  a  logarithmic  temperature  rise  from  Ta  to 
v  deg. 

For  concreteness,  let  the  curve  in  Fig.  12.1  represent  the  temperature 
p  a  fixed  point  in  a  can  during  a  thermal  process.  At  time  ta,  the  tem- 
irature  is  Ta ;  at  time  tv,  the  temperature  is  Tv.  The  problem  is  to  find 
le  F  value  due  to  the  temperature  rise  from  Ta  to  Tv  in  the  time  interval 
to  tv. 

The  equation  of  the  straight-line  heating  curve  in  Fig.  12.1  is 

*  =  /  log  (j  Y^ZTf)  (12.1) 

Sterility  Value 

The  lethal  rate  (see  Chap.  1 1)  is  defined  to  be 


L  = 


1 


l 


log-i[(250  -  T)/z\ 

L  _  g2. 303(r — 250)/* 


|  Q  1250 — T)/z 


—  [Q(T— 250)/z 


(12.2) 


z  =  18,  then 


L  =  gO.  1279(7-250) 


(12.3) 


nee  the  F0  value  is  the  area  under  the  lethality  curve  (Fig.  12.2), 


-0  =  f" 

J  ta 


gO.  1279(7’— 250)  M 


(12.4) 


W.1  be  noted  that  the  integral  in  (12.4)  is  a  function  of  the  temperature 
and  the  time  t.  1  o  effect  the  integration,  we  must  transform  (12  4)  so 
it  is  a  function  of  T  alone  or  a  function  of  t  alone.  In  this  illustration 
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we  will  choose  the  former  method.  Equation  (12.1)  may  be  written 

1  =  f  loS  J  +  /  loS  (A  ~  A)  —  /  log  (7’i  -  7’)  (12.3 

Differentiating  (12.5),  with  respect  to  T, 


f 


dT 


dt  +  2.303  Ti  -  T 
Substituting  (12.6)  in  (12.4),  we  get 


t  —  tv 


F  0 


f  p0. 1279  (T— 250) 

e  - dT 

rp  u  1 


t=u  2.303  T i  -  T 


(12.6i 


(12.7; 


The  expression  for  the  F 0  value  as  given  in  (12.7)  must  now  be  subjecte- 
to  some  algebraic  transformations  in  order  to  bring  it  into  a  useful  form 


Fig.  12.1.  Straight-line  heating  curve. 


Fig.  12.2.  Lethality  curve. 


We  have,  then, 


F0  = 


f 


Ct  =  tv  — o.  1279  (Ti—rH-0. 1279  (Ti— 250) 


2.303  Jt=u  Ti  -  T 

j'gQ-  1279(Ti — 250)  rt  =  tv  0.1279X' 


d(Tx  -  T) 


2.303 


'  t  —  t  a 


X ' 


dX 


n 


(12.8 


where  X'  =  7\  -  T,  when  t  =  ta,  X'  =  A  -  T  =  A  -  Ta  and  whe 

t  =  tv,  X'  =  Ti  -  r  =  Ti  -  A. 

Therefore  (12.8)  becomes 


F  o  = 


fe 


0. 1279(ri— 250) 


‘Ti-Tv  g— 0. 1 279X' 


2.303 


Ti-Ta 


X' 


dX' 


(12.9 


Now  let  —  0.1279X7  =  X.  Then  (12.8)  becomes 


-0.1279(T,-Tv)  e+X 


THE  FORMULA  METHOD 


315 


F  o  = 


^gO.  1 279  (Ti — 250)  “ 0.1 279(7’ 1  To)  e+x 

-  t” 


2.. 303 


—  0.1279(7’i  —  7\>) 


X 


(12.11) 


le  integral  in  (12.1 1)  is  now  beginning  to  approach  a  recognizable  form, 
this  point,  however,  we  shall  make  a  short  digression  on  the  so-called 
ixponential  integral.” 

There  are  several  ways  of  defining  this  function.  Since  the  tables  of 
hnke  and  Emde  [3]  are  now  recognized  as  standard,  we  shall  employ 
eir  definition 

— x  i  r  °°  i 

7 dt  =  /  e--dt  >  0  0  <  z  <  oo  (12.12) 

-  00  t  I  x  t 


can  be  seen,  this  is  a  function  defined  by  a  definite  integral,  and  the 
piment  of  the  function  is  one  of  the  limits  of  the  integral. 

This  integral  is  solved  only  through  a  long  and  tedious  process.  It  has 
en  solved  by  others  for  a  series  of  values  for  its  parameters  x  and  t,  and 
3  results  have  been  tabulated.  To  avoid  repeating  this  work,  values 
the  integral,  under  conditions  imposed  by  our  problem,  were  taken 
>m  the  tables  prepared  by  others.  The  most  extensive  tables  of  this 
action  were  prepared  by  the  U.S.  Works  Project  Administration, 
orter  tables  may  be  found  in  Jahnke  and  Emde  [3],  The  Smithsonian 
ysical  Tables  [4],  T.  Akahira  fl],  and  Glaisher  [2],  Values  of  the 
iction  may  be  computed  from  the  series 


=  0.577  +  In  x  +  x  + 


x2 


2.2! 


7*3  4 

4-  — - L  _ L 

3.3!  ^  4.4!  ^ 


•  (12.13) 


for  large  values  of  x,  the  asymptotic  expansion 

*,•(,) -?!(l  3j  _  .  .  .  j 

4  \  X  X~  X3  j 

useful.  For  small  values  of  a-,  Ei(x)  is  closely  approximated  by 

Ei(-x)  =  In  ( T.c)  (12.15) 


(12.14) 


ere  T  -  =  1.781072,  q  =  0.577,215,665 

apply  (12.12)  to  (12.11),  we  note  that 


erefore 


=  -Ei(-d)  +  Ei(-c) 


0.1279(7’,  -To) 


0.1279(7’,-  Tv) 


ex  dx 

X 


—  i?z[  —  0. 1279(7* ,  -  7’„)] 


(12.111) 


+  &'[— 0.1279(7*,  —  T„)]  (12.17) 
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and  (12.11)  may  be  written 

Je  0.  1279(7’  i — 250) 


F  o  = 


2^03 - {i?i[0.1279(r,  -  Ti)]  -  Ei[0.1279(Ta  -  T1)]\ 


(12.U 


The  equation  is  of  great  significance  in  process  calculation  by  the  fo 
mula  method  since  it  gives  the  F o  value  associated  with  a  logarithm 
temperature  rise  in  a  closed  analytic  form. 


Example  from  Flash  Sterilization* 


In  one  form  of  flash-sterilization  equipment,  the  food  to  be  process© 
flows  through  a  steam-jacketed  heating  tube  in  which  it  is  brought  up  t 
processing  temperature.  From  this  tube  it  flows  to  a  holding  tube,  als 
surrounded  by  a  steam  jacket  maintained  at  the  processing  temperature 
In  order  to  evaluate  the  process,  the  lethal  values  of  the  come-up  an 
holding  times  must  both  be  computed  (likewise  for  the  cooling  time,  bu 
this  is  frequently  neglected  and  considered  a  safety  factor).  The  lethi 
value  of  the  holding  time  is  easily  computed  since  the  food  remains  prac 
tically  at  the  holding  temperature  during  this  period.  The  lethal  valu 
of  the  come-up  time  is  more  difficult  to  compute  since  the  temperatur 
changes  in  a  small  volume  of  food  as  it  is  brought  up  to  processing  tea 
perature  are  unknown,  and  the  nature  of  the  heating  tube  often  is  sue 
as  to  make  experimental  determination  of  temperature  almost  impossibl 


in  this  part  of  the  apparatus. 

It  is  fairly  obvious  that  as  a  small  volume,  or  element,  of  food  passe 
through  the  heating  tube,  its  temperature  will  increase  at  a  constant! 
decreasing  rate  and  will  approach  asymptotically  the  temperature  of  th 
jacket.  It  also  seems  reasonable  to  suppose  that  the  temperature  ns 
will  be  approximately  logarithmic,  since  the  transfer  of  heat  at  any  poin 
of  the  tube  will  be  at  least  roughly  proportional  to  the  difference  betwee 
the  temperature  of  the  jacket  and  the  temperature  of  the  food  at  tha 
point.  We  shall,  therefore,  assume  a  logarithmic  temperature  rise. 

In  this  example,  we  consider  a  heating  tube  500  in.  long  having  a  ret 
tangular  cross  section  J4  by  %  in.  The  food  is  pumped  through  the  tub 
at  a  rate  of  1  gal/min.  We  shall  further  assume  that  the  food  enters  tl> 
lube  at  80° F  and  leaves  it  at  200°F  and  that  the  jacket  temperature  i 

320°F.  That  is, 

7\  =  320,  Ta  =  80,  Tv  =  290 


From  Fig.  12.1  and  Eq.  (12.1),  we  find  that 

T  —  T  240 

t,-L=  f  log  =  f  l0g  30 

1  1  1  V 

*  This  example  is  based  on  work  done  by  O.  T.  Schultz. 


=  /  log  8 
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ncej  =  1  in  this  case.  To  find  U,  -  ta,  which  is  the  time  the  food  is  in 
le  tube,  we  first  compute  the  volume  of  the  tube: 

V  =  500  X  7  X  i  =  78.1  cu  in. 

4  o 


nee  the  flow  rate  is  1  gal/min,  or  231  cu  in. /min,  a  food  particle  travels 
rough  the  tube  in  78.1/231  =  0.338  min.  Therefore,  tv  —  ta  =  0.338, 

id 


=  0.338 
log  8 


0.338 

0.903 


=  0.374  min 


e  are  now  ready  to  use  (12.18).  We  have,  then, 


F  o  = 


fe 


0. 1279CTi-250) 


&Y[0. 1279(7\.  -  7\)J  -  Ei[0.1279(Ta  -  7h)]( 
2  303  [Ei(  —  0. 1279  X  30)  -  Ei{- 0.1279  X  240)] 


2.303 

0.374e°- 1279X70 


=  0. 162e8-98[7?f ( —  3.84)  -  Ei(- 30.7)] 

=  0.162  X  7,700(0.0046  -  0)  =  5.7  min 


Dte  that  the  value  of  the  second  exponential  integral,  Ei(-30.7),  is 
gligible.  This  occurs  in  practically  every  process  calculation  of  this 
pe  and  is  indeed  most  fortunate.  It  simply  means  that  in  the  lower 
nperature  range,  the  lethal  value  is  insignificant. 


Nomographic  Determination  of  F 0 

Although  (12.18)  is  a  not  too  complicated  equation,  it  is  frequently 
ficult  to  use  because  of  the  presence  of  the  factors  e<>-i279(ri-250)  ancl 
|0.12r9(77„  -  7\)].  To  simplify  matters,  a  nomogram  (Fig.  12.3)  has 
bn  constructed  to  solve  (12.18).  It  is  made  possible  by  neglecting  the 
ue  of  the  second  exponential  integral,  which,  we  agreed,  is  negligible. 

ie  notation  of  Fig.  12.3  differs  slightly  from  what  we  have  used  In  the 
ure, 

g  =  Tl  -  7', 


6  d,[ections  [or  “se  are  given  on  the  figure.  If  we  find  we  must  divide 

idead  bvTh,  '  T'f  ty  l  Certain  faCt°r’  the  restdting  F„  must  be 
tided  by  the  same  factor.  For  instance,  if  the  given  value  of  f  is  0  IF, 

'  use  3.0  on  the/ scale  and  divide  the  resulting  /<’„  by  10.  . 

Transformations  of  Time  and  Temperature  Scales 

!merh,re  iUSt  Sh°Wn  h°W  the  F  value  associated  with  a  logarithmic 

E  ThT  r  C°mPUted  and  exPressed  in  terms  of  exponential 
grals.  The  obvious  extension  of  this  method  to  the  calculation  of  the 
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h  value  associated  with  a  given  heating-cooling  curve  will  be  deferre 
until  we  have  considered  in  this  section  the  implications  of  transformii 
time  and  temperature  scales.  It  will  be  shown  that  these  technics  greatl 
simplify  subsequent  numerical  work  and  aid  in  our  understanding. 


9 
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Fig.  12.3.  Nomogram  for  solution  of 


Connect  Tj  to  g, get  point  on  R. 
Join  point  on  R  to  f,  get  F0  on  F0. 
Dividing  f  by  X  divides  f^,  by  X. 


F  =  — L —  e°  i279(r1-2B°)  — 0.1279g) 


2.303 


340- 


330- 


320 


310- 


300- 


290- 


280- 


If  (12.2), 


L 


g>2.303(T— 250/z) 


(12.2) 


instead  of  (12.3),  were  substituted  in  (12.4),  we  would  have 


JT  _  ftv  e2.303(T-250)/z  fa 

JU 

Substituting  (12.6),  we  get 


f  fi  =  lv  g2.303(r-250)/z 

F  =  d®  Ivr 


(12.1! 


(12.21 


One  undesirable  feature  of  (12.20)  is  that  the  integrand  is  dependent  c 
z  and  T\.  However,  if  we  make  the  transformation 
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2.20)  reduces  to 


Jg—(2. 303/z)  (260 — r i) 


2.303 


/ 


2.303 


Lx 


2.303 

z 


-  FA 


^303 

z 


(Ta- 


(12.22) 


here  Lx  =  e-c2.303/2)(250-7’1)  is  the  lethal  rate  at  temperature  TV 
The  use  of  the  transformation  (12.21)  can  be  thought  of  in  several  ways. 
:  the  first  place,  it  may  be  just  an  artifice  enabling  the  integral  to  be 
aluated  in  terms  of  known  tabulated  functions.  On  the  other  hand, 
3  may  think  of  it  as  definining  a  new  temperature  scale  (we  recall  from 
iap.  6  that  temperature  scales  are  notoriously  arbitrary)  obtained  by 
lving  (12.21)  for  the  new  temperature  T',  or 


V  =  2.303 


(12.23) 


lis  scale  has  its  zero  at  T  =  rJ\,  and  the  “graduations”  on  the  scale  are 
tersely  proportional  to  z.  This  dual  aspect  of  (12.21)  is  to  be  stressed 
d  thoroughly  understood  since  transformations  of  this  type  are  of  fre- 
ent  occurrence  and  the  physical  interpretation  as  a  change  in  scale 
noves  to  a  large  extent  the  artificial,  “pulled  out  of  thin  air”  nature  or 
pearance. 

Later  in  this  chapter  we  shall  take  up  such  questions  as  what  the  F  value 
a  given  process  would  be  if  a  different  retort  temperature  were  used, 
what  effect  a  change  in  heating  rate  or  in  thermal  death  time  would 
ve  on  the  process.  Although  the  mathematical  parts  of  the  analysis 
such  problems  may  be  considerably  involved,  or  even  bewildering,  it 
II  frequently  aid  our  understanding  if  we  bear  in  mind  that  many,  if 
t  all,  mathematical  transformations  are  capable  of  simple  interpretation 
changes  in  temperature  or  time  scales. 

Numerous  examples  of  such  transformations  may  be  found  in  the  list 
symbols  in  Chap.  13.  For  instance: 

Bk  involves  a  change  in  time  scale  to  make  /  =  1. 

C  involves  a  change  in  time  and  temperature  scale  to  make  /  =  1  and 

^  and  Fi  involve  temperature  transformations. 

Y  and  z  involve  temperature  and  time  transformations. 

Heating  Curve  with  Initial  Lag 

We  have  just  considered  the  case  where  the  temperature  increased 
.anthmically  from  T?  to  Tv  deg.  While  this  particular  example  has 
'  virtue  of  comParative  mathematical  simplicity  and  is  thus  excellent 
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for  introductory  purposes,  it  does  not  occur  frequently  in  practice.  I 
most  instances  where  a  process  is  to  be  calculated  or  evaluated,  the  tem¬ 
perature  rise  is  not  logarithmic  during  the  early  portions  of  the  heatim 
period  but,  instead,  “lags”  behind  the  expected  logarithmic  rise,  and  i 
the  case  of  rapidly  heating  products,  more  frequently  shows  a  jum 
(Chap.  8).  We  have  shown  how  the  so-called  “lag  factor”.;'  can  be  usei 
in  treating  both  cases.  Our  problem  in  this  section  is  to  find  the  F  valui 
associated  with  a  heating  curve  when  the  initial  deviation  from  a  logs 
rithmie  temperature  rise  is  taken  into  consideration. 

Fortunately,  for  practically  every  application,  the  lethal  value  for  th! 
lower  part  of  the  heating  curve  is  vanishingly  small,  and,  as  far  as  letha 
value  is  concerned,  we  may  neglect  it.  We  can  then  safely  assume  tha 
the  asymptote  to  the  heating  curve  (see  Chap.  5)  has  the  same  letha 
value.  Our  problem,  then,  is  to  find  the  lethal  value  associated  with 
logarithmic  temperature  rise  from  7\  (not  To  or  Ta)  to  Tv  deg.  This  i 
very  simple,  for  we  need  only  to  substitute  Th  for  Ta  in  (12.18),  and  i 
Chap.  7  we  found  that  Th  =  T\  —  j(T\  —  T0 ). 

It  is  a  little  more  difficult  if  we  do  not  know  the  value  of  Tv  but  mus 
compute  it  from  To,  Tx,  j,  and  the  heating  time  t.  Again  from  Chap.  1 
we  find  Tv  =  Ti  —  j(T1  -  To)  X  10"‘" 

Cooling  Curve 

Where  there  is  a  simple  logarithmic  temperature  drop,  we  need  only  t 
remember  that  7\  is  the  cooling  temperature,  and  then  (12.18)  is  direct! 
applicable. 

Where  a  cooling  curve  has  an  initial  lag,  since  the  deviation  from 
logarithmic  temperature  drop  occurs  at  the  time  ol  maximum  tempera 
ture  within  the  container,  it  becomes  an  important  factor  in  process  cal 
culation  and  can  in  no  wise  be  neglected.  If  this  were  not  the  cas( 
process  calculation  would  be  a  relatively  simple  art  and  this  book  coul 
be  reduced  to  a  mere  pamphlet.  We  are,  however,  dealing  with  facts  c 
nature,  and  cooling  curves  have  noticeable  lags.  Therefore,  this  sectio 

is  crucial.  I 

The  obvious  procedure  is  to  use  the  analytical  expressions  !°r 
cooling  curve  derived  in  Chap.  6  from  theoretical  considerations.  Thi 
would  immediately  lead  into  an  inextricable  maze  of  mathematical  coir 
plexities,  hopeless  for  practical  application.  An  alternative  is  to  use  a 
approximate  expression  for  the  lag  portion  and  a  logarithmic  express* 
for  the  logarithmic  portion.  This  seems  about  the  only  practical  a 
native,  but  its  successful  execution  depends  heavily  on  the  approximat 

Ball  (TPTCF)  made  the  assumption  that  the  lag  portion  when  plotte 
on  cartesian  coordinates  may  be  approximated  by  a  hyperbola. 
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isis  was  a  study  of  numerous  empirical  curves.  This  assumption  has 
any  inherent  weaknesses,  both  theoretical  and  practical,  and  introduces 
i  undesirable  arbitrariness  and  inflexibility  into  subsequent  calculations, 
st  no  better  useful  approximation  has  been  devised  or  even  suggested. 
The  approximating  hyperbola  is  shown  in  Fig.  12.4.  The  vertical  axis 
shown  at  the  start  of  the  cooling  period,  which  is  ordinarily  taken  as 
incident  with  the  end  of  the  heating  period.  Let  1\  be  the  temperature 


the  cooling  water  and  T,  be  the  highest  temperature  attained  at  the 
asured  point  in  the  container.  The  vertex  W  of  the  hyperbola  will 
:n  correspond  to  T  Let  m  =  T.  -  Tc.  Then  the  intersection  0  of 
asymptotes  will  be  on  the  axis  at  a  point  0.3m  deg  above  W,  or  at 
"  0  c>-  lhls  position  was  determined  empirically.  The 

™  iol  tLTrb°!a  “  WhrCre  fhe  l0garithmic  portion  of  the  cooling 
j  IS  the  hyperbola.  Its  location  (empirically  determined)  is 

43m  deg  below  W,  or  T„  -  0  343 (T  -  T)  Tb/f  -  /  ! 

nw  n  Tim  i  f  Jc)-  1  he  focus  F  is  c  deg* 

ow  0.  The  value  of  c  will  be  determined  later. 

This  quantity  c  is  not  slope  c  of  the  cooling  curve. 
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If  we  take  the  axes  of  the  hyperbola  to  be  the  coordinate  axes,  and  Id 
y  be  the  number  of  degrees  measured  from  0  toward  V  and  t  be  the  numbe 
of  minutes  measured  from  0  toward  B,  the  equation  of  the  hyperbol: 
will  be 

,2  £2 


r 


62  = 


whence 

and 


t  =  b  V-  1  +  (2/Va2) 


dt  =  — 

n  - 


U  dy 


«2  s/ (y2/ a2)  -  1 


(12.2-1 

(12.2c 

(12.20 


The  relation  between  T  and  y  is  obtained  by  inspection  of  Fig.  12/. 
Remembering  that  y  is  measured  in  a  downward  direction  and  T  in  a 
upward  direction,  we  have 


or 


T  +  y  =  Tg  +  0.3m 
T  =  —y  +  Ta  +  0.3m  =  -y  +  Ta  +  a 


(12.27 

(12.28 


We  are  now  ready  to  find  the  lethal  value  of  the  hyperbolic  portion  c 
the  cooling  curve  between  the  points  W  and  A. 

The  lethal  value  is  given  by 


r  4 

V  _  /  ^>2.303(T — 2 

J  w 


'—250)  tz 


dt 


(12.29 


Substituting  (12.26)  and  (12.28)  in  (12.29),  we  have 


’.4 


p  _  /  «(2. 303/z)  (-y+Ta+a-H>0) 

a2 


y  dy 


(12.30 


w 


VW/a’)  -  1 

At  the  point  IF,  y  =  a,  and  at  point  A,  y  =  a  4-  0.343m.  Therefore 


P  _  _  g(2.  303/j)  (r0— 250) 


a  +0.343m  ^-(2. 303/z)  {y-ai  fiy  Mj 


VtoVa5)  -  1 


It  will  be  recognized  that  the  expression 

T  _  /,(2.303/'z)(7’o-250) 

lJn  -  V 


(12.32 


is  the  lethal  rate  at  7’„  deg.  The  integral  in  (12.31)  will  present  som 
difficulties.  A  transformation  of  type 

(12.33 


V 


2  =  a2(l  +  x'2) 


will  reduce  it  to  the  form 


e-kV\  +x2  dx 


(12.34 
W 


While  this  appears  simpler,  the  integral  is  as  recalciliant  as 
shall,  therefore,  follow  in  principle  the  method  used  by  Ball  0  P 
Returning  to  (12.31)  we  note  the  integral  is  improper  since  the 
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and  becomes  infinite  at  y  =  a.  It  is  easy  to  prove  that  the  integral 
nverges,  however,  for  in  the  neighborhood  of  y  =  a, 


0  <  ye~(- 2.30S/*)(»-a;  <  ]\] 

iere  M  is  some  fixed  number.  Therefore 

r a-rv.otom  yg 

ci. 


(12.35) 


'a  +  0.343m  ,,^>-(2.303 /z)(y-a)  fly 


'a  +  0.343.1/ 


V (y2/ a2)  -  1  ~  M  J a 


dy 


V(y2/a 2)  -  1 

io-f-0.  343m 

=  aM  log  (y  +  V V2  -  a2) 

I  a 

ich  is  finite.  We  may  therefore  proceed. 

iince  a  -  0.3 m,  0.343m  =  0.343a/0.3  =  1.14a,  let 


(12.36) 


l  (12.31)  becomes 


y  =  ax 

214  axe~(2-303o/*)(x_1)  a  dx 


(12.37) 


=  bLoe+2  303n 


Vx2  —  l 

/ '2.14  2.303nx  fl ^ 

Vx2  -  1 


‘re 


n  =  a/z 


(12.38) 

(12.39) 


!  sinSularity  at  x  =  1  in  the  integrand  of  (12.38)  makes  further  study 
cult  so  it  will  be  expedient  to  remove  it  by  integrating  by  parts, 
lg  the  well-known  formula 


lave 


ju  dv  =  uv  -  fv  du 


U  =  e~ 2-3°3nx 

du  =  -2.303 ne-2-303n*dx  dv  = 


therefore 


4  Xg-2.303nx  flx 


*>  =  Vx2  -  1 

X  dx 

Vx2  -1 


(12.40) 


(12.41) 


Vx^l  =  e~23n3nx  Vx 2  -  1 


12. 14 


'2.14 


+  /  2.303ne-2-303«x-v/x2  -  1  dx 


/’  2. 1 4 


=  1.89e-‘  »3~  +  2.303a  J/  e— »«*  (12.42) 

177 1,1  a  fl>'  m  which  -ay  be  handled, 
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modified  Bessel  function  of  the  second  kind. 


Kl(k)  =  il,  e~tx  w  - 1  dx 


(12.4:1 


Our  integral  in  (12.42),  since  it  possesses  an  upper  limit  of  2.14,  bears,  i 
a  certain  sense,  the  same  relation  to  a  Bessel  function  as  the  incomple? 
gamma  function  bears  to  the  complete  gamma  function.  It  is  obvioui 
then,  that  further  analysis  of  (12.42)  would  carry  us  too  far  afield  an 
would  require  the  study  and  development  of  a  class  of  functions  of  eve 
greater  complexity  than  the  Bessel  functions.  Ball  (TPTCF)  recognize 
these  difficulties  and  proceded  at  once  to  evaluate  the  integral  for  varioi: 
values  of  n  by  graphical  and  numerical  means. 

The  integral  he  evaluated  was 


*(<i  +  0.343m)  /z« 


E  = 


a/Ze 


-© 


-  dll 


(12.41 


where  ze  is  the  z  value  obtained  when  using  Naperian  logarithms;  it 
related  to  our  z  by 

z  =  2.303  ze  (12.45 


Substituting  m  =  a/0.3,  (12.45),  and  u  —  (a/ze)x,  (12.44)  becomes 

*2.14 


E  = 


2.3032a2 


z2 


e-(2.303 a/:)x  -  1  dX 


•2.14 


or 


g  2. 303nx  v/x2  -  1  dX  = 


E 


2.303 2n2 


(12.4( 
( 12.41 


We  are  at  last  ready  to  evaluate  the  lethal  value  of  the  hyperbolic  portic 
of  the  cooling  curve.  Substituting  (12.47)  in  (12.42),  and  (12.  )  i 
(12.38),  and  setting  b  =  0.175/e  =  0.0759/,  we  get 


F  =  0.0759 fE„c2  W*"  1.89c  4  93n  +  2.303n  2  3032^) 

=  fLg  ^0.1435e-2  63n  +  0.0329  |  c2  303n) 


(124! 


where  fe  is  the  /  value  based  on  Naperian  logarithms.  Replacing  n 
0.3 m/z,  we  have 


F  =  fl,  (o.l435e-°  «-*  +  0. 1096*  £  O2'4* 

The  bracketed  expression  in  (12.40)  corresponds  to 

sions  in  Eq.  (14)  in  TPTCF  (p.  22)  when  we  replace /by  2.303/, 
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303 ze.  The  value  chosen  for  b  was  based  on  j  =  1.41  for  the  cooling 
u’ve.  While  this  is  a  seemingly  arbitrary  procedure,  the  actual  devia- 
ons  from  this  value  which  are  found  in  practice  usually  do  not  contribute 
fficiently  to  the  error  thus  introduced  to  make  individual  adjustments 
j  value  worth  the  effort.  The  method  of  correcting  this  assumption 
ill  be  given  later. 


Logarithmic  Portion  of  the  Cooling  Curve 


We  make  the  assumption  that/ for  the  cooling  curve  has  the  same  value 
for  the  heating  curve.  The  problem  now  is  to  find  the  F  value  due  to 
oling  from  point  .4,  Fig.  12.4,  which  is  0.343m  deg  lower  than  T0,  to  a 
mperature  below  which  the  lethal  effect  is  negligible.  We  shall  assume 
at  integrating  below  a  temperature  80°F  less  than  processing  tempera- 
re  will  contribute  nothing  to  the  F  value.  In  a  practical  sense  there  is 
1  argument  against  such  a  statement,  for  with  2  =  18,  the  lethal  rate 
processing  temperature  is  15,000  times  greater  than  at  80°F  below 
ocessing  temperature.  It  is,  however,  unnecessary,  and  we  could  just 
well  extend  the  lower  limit  of  integration  to  -  00,  in  which  case  the 
lue  of  the  integral  would  not  just  be  negligible  but  would  vanish.  This 
>uld  not  only  contribute  a  little  to  the  “ mathematical  elegance”  of  the 
■mulation  of  the  problem  but  would  also  establish  a  more  uniform  basis 
'  the  general  problem  of  process  calculation.  We  shall  have  more  to 
1  of  this  later.  For  the  present  we  shall  take  Tg  -  0.343m  and  7\  -  80 
the  limits  of  integration  since  the  tables  used  in  making  calculations 
ve  been  constructed  using  these  limits. 

We  find  F  then  directly  from  Eq.  (12.22).  Since  we  require  values  of 
;  processing  temperature  Tx  in  the  result,  it  will  now  be  necessary  to 
tinguish  clearly  the  cooling  temperature  from  the  heating  temperature. 

!  ™erefore  retam  T 1  for  heating  temperature  but  introduce  the  sub- 
!pt  c  to  denote  cooling.  We  have,  then,  from  (12.22), 


/ 

2.303 


Lc  I  Fi 


2.303 


(T0  -  0.343 m  -  Tc ) 
2.303 


-  Ei 


{Tx  -  80  -  Tc) 


J  (12.50) 


ee  T,  -  0.343m  -  T, 


m  0.343 m  =  0.657 m,  and 


Tx  -  80  -  Tc  =  m  +  g  -  80 
have,  for  the  lethal  value  of  a  process, 

.  /  r  (  ,, .  f  2.303  /A 

2.303  1  — (0.657m)  —  Ei 


2.303  . 

~  +  Q  -  80) 


(12.51) 


% 
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Total  Lethal  Value  of  a  Process 

We  can  now  find  the  total  lethal  value  of  a  process  if  the  values  of  7’, 
T„,  Tc,  /,  and  z  are  given.  First  it  will  be  helpful  to  put  (12.22)  in  a  forn 

i  •  l  1  i  /-t  i  a\  1  / 1  a  r  i  \  T  /i  o  i  1  i*  I  .  I 


i - - -  - 

z  „,  z  c,  J,  fe,v^x.  .  x.^  xv  „xxx  ^  helpful  to  put  (12.22)  in  a  forn 

corresponding  more  closely  to  (12.49)  and  (12.51).  In  (12.22),  the  limit 
of  integration  are  T x  —  g  and  7\  —  80.  We  have,  then, 


/ 

2.303 

fLi 

2.303 


( 

f  9  202 

[  2.303  /m 

j  Ei 

1 - 

| 

( 

O 

1 

1 

1 

—  Ei 

( Tx  -  80  -  Tx) 

(12.52: 


Adding  (12.52),  (12.49),  and  (12.51), 

Ei(-  2jg3g)  _  E.(2.3Ctt  X80- 

+  fL„  (o.l435e-°  +  0. 1090  ^  e°-,M m/zEJ 

r  ^  hao  1  To  9A9 


F  =  J^ 

2.303 


+ 


fL 


2.303 


!  Ei 


2.303 


(0.657m) 


j  2.303 
—  Ei  - 


(m  +  g  —  80) 


(12.53 


The  lethal  rates  U,  Lg,  U  may  be  written  [see  (12.32)]: 


_  g— (2.303/2)  (250-Ti) 

r  _  p—  (2.303/*)  L250— r„) 
—  e 

T  _  p — 12. 303/z)  (250 — Tc) 

L*c  —  (' 


(12.54 

(12.55 

(12.56 


whence 

and 


J  __  p—  (2.303/*)  (250— To+7V-Ti)  =  g+2.308 0/*T 
Lj\  —  t/ 

,  _  r,— (2.803/*)  (250— r»+r*—T«)  —  g-2.303 m/zLg 

LdC  ^ 

Therefore  (12.53)  may  be  written 


(12.57 

(12.58 


F  = 


fLg 


2.303 


I  g+2.303 <//z 


2.303  X  80 


’) 


_l_  0.332e_0-789m/*  +  0.253  —  e°-692m/zFJ 


j  g— 2.303m/z 


(m  +  g  —  80) 


[  Ei  »  X  0.657m)  -  Ei 

l  \  z  '  L  (12.51 

X  be  Warded  J  the  primitive  tabie  from  which  subset 
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Table  12.1.  Calculated  Values  of  C 


m  +  g 

Q 

z  =  14 

z  =  18 

z  =  22 

z  =  26 

C 

130 

0.1 

1.6594 

1 . 7725 

1.8700 

1 . 9496 

0.25 

1.2619 

1 . 3656 

1.4585 

1.5336 

1.0 

0.7985 

0.8906 

0.9738 

1.0445 

5.0 

0.3827 

0.4464 

0.5037 

0.5592 

10  0 

0.2771 

0.3277 

0.3722 

0.4140 

15  0 

0.2279 

0.2726 

0.3122 

0.3475 

20.0 

0 . 2000 

0.2400 

0  2745 

0 . 3078 

25.0 

0.1810 

0.2176 

0.2507 

0.2814 

150 

0.1 

1.6539 

1.7659 

1 . 8629 

1.9417 

0.25 

1.2490 

1.3543 

1 . 4476 

1 . 5254 

1.0 

0.7884 

0.8790 

0.9616 

1 . 0336 

5.0 

0.3742 

0.4374 

0.4952 

0.5506 

10.0 

0.2671 

0.3167 

0.3612 

0.4020 

15.0 

0.2184 

0.2615 

0.3000 

0.3357 

20.0 

0.1905 

0.2284 

0.2635 

0 . 2955 

25.0 

0.1713 

0.2070 

0.2391 

0 . 2690 

160 

0.1 

1.6510 

1.7624 

1.8591 

1.9374 

0.25 

1.2418 

1.3484 

1.4419 

1.5218 

1.0 

0.7828 

0.8724 

0.9556 

1.0282 

5.0 

0.3700 

0.4329 

0 . 4906 

0.5456 

10  0 

0.2620 

0.3115 

0.3554 

0.3963 

15.0 

0.2134 

0.2558 

0.2939 

0 . 3299 

20.0 

0 . 1856 

0.2231 

0.2572 

0 . 2892 

25.0 

0 . 1663 

0.2015 

0.2335 

0.2627 

180 

0.1 

1 . 6444 

1 . 7543 

1.8510 

1 . 9284 

0  25 

1 .2262 

1.3345 

1 . 4289 

1.5114 

1.0 

0 . 7700 

0 . 8589 

0.9415 

1.0165 

5.0 

0.3610 

0.4229 

0.4804 

0 . 5349 

10.0 

0 . 2508 

0  2993 

0.3426 

0.3830 

15.0 

0  2029 

0  2438 

0 . 2808 

0.3167 

20.0 

0.1748 

0.2110 

0.2445 

0 . 2755 

25.0 

0.1558 

0.1890 

0  2205 

0 . 2490 

n  ",m  n,  dTiV<f,  The  Ei  functions  WCTC  Plotted  in  part  from  the 
bles  by  Glaisher  [2J.  Values  needed  which  were  beyond  the  scone  of 

ese  tables  were  obtained  by  plotting  the  function  y  =  ue-  and  using 

ars  XTr  Tl  °mT'  ‘hC  CU''VeS  f  ““  i,ltesral  function-  ^  fifteen 

ZV  ,  Tf  2  WaS  prepared- the  extensive  WPA  tables  of  Ei Y-v) 
•peared  and  are  now  available  for  cheeking  or  extending  the  range  of 
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Table  12.1.  In  this  connection,  it  is  interesting  to  note  that  the  smallest 
value  of  g  in  the  table  is  0.1.  For  practical  applications  where  g  <  0.1 
(12.59)  can  be  modified  readily  to  take  care  of  this  case,  as  will  be  showr 
later.  It  would,  however,  be  of  some  value  and  of  considerable  interest 
to  extend  the  C:g  tables  to  include  0  <  g  <  0.1.  This  could  be  done* 
bearing  in  mind  the  logarithmic  singularity  of  Ei(  —  x)  at  x  =  0. 


a 


Fig.  12.5o-c.  The  C:g  curves. 


In  obtaining  the  final  curves  for  C,  preliminary  curves  were  made  in 


which  C  was  plotted  in  a  number  of  ways,  using  in  turn,  as  variables,  z, 
m  +  g,  and  g.  These  curves  served  to  eliminate  the  effect  of  errors  in 

the  calculations.  ,  .  ,  ,  _  nT1 

The  final  curves  for  C  were  found  to  conform  well  to  straight  h 

semilog  paper  with  slight  adjustments  in  the  logarithmic  scJJle_ 
ures  12.5a-c  show  these  curves.  The  scales  along  the  left-han 
of  the  plots  are  the  scales  to  which  the  curves  are  plotted.  In  usmg 
curves,  no  attention  is  to  be  paid  to  the  scale  in  parentheses  shown  along 
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ie  right-hand  margin  of  Fig.  12.56.  This  is  the  original  logarithmic 
:ale  of  the  paper  and  is  given  on  the  plot  merely  to  show  the  adjustment 
,at  was  made,  so  as  to  facilitate  the  reproduction  of  the  curves  by 
lyone  desiring  to  plot  them  to  a  larger  scale. 


c 

0.35  0  4  0  5  06  0  7  q8  09  LO  12 


C 


b 

Fig.  12.5.  Continued. 


Table  12.1a  is  a  C:g  table  adapted  from  Figs.  12.5a-c.  Its  smaller 
bular  intervals  make  it  more  satisfactory  to  use  than  Table  12.1. 


Recapitulation  and  Discussion 

At  this  point  it,  would  be  well  to  pause  and  take  stock  of  what  we  have 
>ne  and  consider  where  it  may  lead  us.  The  reader  will  have  noted  the 
Tnlarity  between  the  expressions  for  the  F  values  associated  with  a  loga- 
Jmnc  rise  in  temperature  and  with  a  logarithmic  drop  in  temperature 
Ithough  the  expressions  involve  a  difference  of  exponential  integrals 
flatter  should  cause  little  trouble  since  these  functions  are  well  known’ 
M  behaved,  and  above  all,  tabulated.  The  log  portion  of  the  cooling 
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curve  gives  rise  to  serious  difficulties  which  cannot  be  neglected.  Thes« 
have  been  overcome  from  a  practical  point  of  view  by  the  “brute-force’* 
expedient  of  assuming  the  lag  portion  to  follow  a  hyperbolic  curve  anc 
then  solving  the  resulting  integral  by  numerical  and  graphical  means 
W  e  are  aware  that  this  procedure  is  not  only  arbitrary  and  awkward  bu 
introduces  a  regrettable  lack  of  flexibility  in  subsequent  calculations.  A1 
the  same  time  we  remember  that  no  better  method  has  been  devised. 


c 


Fig.  12.5.  Continued. 


One  may  well  wonder  why  these  weaknesses  have  been  so  heavily 
stressed.  The  reason  is  this— the  final  formulation  of  the  problem  of 
determining  proper  process  times  has  been  so  developed  that  the  proce¬ 
dure  takes  on  a  deceptively  simple  aspect.  Almost  anyone  can  “  calculate 
a  process. ”  Furthermore,  the  processes  thus  calculated  have  been  almost 
monotonously  successful  since  this  method  was  first  introduced  in  1923^ 
Under  such  circumstances,  it  is  too  easy  to  be  lulled  into  a  false  sense  o 
security  and  become  negligent  of  the  basic  assumptions  of  the  formula 
method.  These  remarks,  mutatis  mutandis,  can  be  applied  equally  we 
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Table  12.1a.  C:y  Table 


0.1 

0.125 

0.15 

0.175 

0.2 

0.25 

0.3 

0.35 

0.4 

0.45 

0.5 

0.55 

0.6 

0.65 

0.7 

0.8 

0.9 

1.0 

1.25 

1.5 

1.75 

2.0 

2.5 
3.0 

3.5 

4.0 

4.5 
5.0 

5 

|6.0 

0 
S.O 
1.0 
).0 
1.0 


z  =  14 


z  =  18 


z  =  22 


z  =  26 


in  +  g 


180° 

160° 

130° 

180° 

160° 

130° 

180° 

160° 

130° 

180° 

160° 

_ % _ 

130° 


C 


1.644  1.651 
1.529  1.538 
1.445 


1.659 

1.552 


1.387 

1.319 


1 . 454  1 . 468 
1.398  1.413 
1.332  1 .348 


1.754  1.762  1.772  1.851  1.859 
1.64211.652  1 .665  1.739  1.749 

1 . 554  1 . 565  1 . 578  1 . 652  1 . 602  1 . 675!  1  .  728|  1 . 739  1 . 753 


1.870  1.928  1.937  1.950 
1.763  1.814  1.824  1.838 


T 


1 . 470  1 . 483 


1.426 


1.438 


1 .500  1  .569 
1.454  1.522 


1.581  1.596  1.050  1.660  1.672 
1.534  1.550  1.602  1  612  1.626 


1.226  1.242  1.262  1.334 

1.159  1.172  1.190  1.262  1 .272  1 .295  1.358  1.370  1  386]l  436|l  .447 

1.102  1.117  1.137  1.207  1 .220  1 .236  1 .300  1.312  1.327  1  .377  1.390  1 .406 

1 . 058  1 . 066  1 . 090  1 . 159  1 . 173  1 . 192  1 . 252  1 . 263  1 . 280  1 . 328  1 . 341  1 . 358 

1.018  1.032  1.052  1.118  1.132  1.152  1.210  1  .224  1 .243  1 .289  1. 303J. 321 


1. 3481. 3661. 429|l. 442  1.459|l. 511  1.522  1.534 

1.402 


988  1.003  1.021 
0.973  0.990 
0.940:0.962 
0.920  0.935 


0 

0.958 
0.930 
0 . 904 
0.881 


1.085  1 
1.054  1 


099 

068 


1.110  1.174 


1.189  1.208  1.253  1.267 


1.087  1.145  1.100  1.170  1.222  1.237 


1.023  1  .036  1.057  1.112  1.131  1  .149  1.195 
0.998  1.012  1.030  1.087  1.102,1.117  1.163 
0.896  0.912  0.974  0.988  1.004  1.061  1.077  1.096  1.138 


1 . 204 
1.177 
1 . 


152  1 


1.285 
1.253 
1.222 
1 . 196 
170 


0.840  0.854  0.870  0.931  0.946  0.963  1 .016  1 .032  1 .049  1 .092  1 . 107 
0 . 802  0 . 817  0 . 832 Jo .  892  0 . 908  0 . 925  0 . 978  0 . 993  1 . 008  1 . 052  1  065 
0. 770  0. 783  0.799  0.859  0.872  0. 891  0 . 941  0 . 956|0 . 974  1.016*1 .028 


0.702  0.717  0.731  0.788  0.801 
0 . 649  0 . 662  0 . 678  0 . 73 1  0 . 745 

0.618  0.632  0.685  0.698 


0.604 

0.570 

0.511 

0.468 

0.433 


0  819  0 . 868  0 . 883  0 . 899  0 . 94 1  0 . 954 
0 . 762  0 . 810  0 . 823  0 . 839  0 . 880  0 . 893 


1.122 

1.084 

1.045 

0.971 

0.910 


0.714  0.760  0.773  0.789  0.823  0.841 
0 . 581  0 . 596  0 . 647  0 . 660  0 . 675  0 . 720  0 . 733  0 . 748  0 . 786  0 . 799 
0  522  0 . 538  0  586  0 . 598  0 . 612  0 . 655  0 . 668  0 . 682  0 . 720  0 . 730 


0.478  0.493,0.538  0.551 
0.4430.4570.501  0.512 


0.405 
0.381 
0.361 
0.343 
0.329  0.337 


0.414  0.428  0.470  0.481 
0.3910.403  0.444  0.454 
0.370  0.383  0.423  0.433 
0.352  0.367  0.403  0.413 
0.352  0.386  0.397 


0 . 565  0 . 604 
0.527  0.564 

0.495  0.532 


0.3030. 3130. 3270. 357'o. 370 
0.282 
0 . 265 
0.251 


0.6170. 631  0.667 
0.576  0.590  0.624 


0 . 468  0 . 503 


0.557 


0 . 590 


0.543 

0.5140.5280.501 
0.4460.4800.491  0.504  0.535 
0.428  0.4590.4700.4830.511 


0.411 


0.384 


0.440 


0.451 


0.466 


0.4080.420 


0.411 


0.427 


0  293,0 . 307  0  334  0 . 347  0 . 362  0 . 382  0  396 

norodo!!'0  314|°  328  0 . 343  JO .  36i  0.374  0.390  0.404  0.4180.434 

n Snln ^355,0.372  0.383  0.396  0.414 

0 . 341 ,0 . 357  0 . 367  0 . 381  0 


0 . 490 


0.436  0.456 


0.858 
0.816 
0.747 
0 . 678  0 . 693 
0.636  0.651 


0.601 

0.571 


0.615 

0.584 


0 . 546  0 . 559 


0.522 

0.502 


0.470 

0.441 


0  239  0  250,0 . 264  0 . 284  0 . 297|o .  313  0 ’  327 


0.536 

0.517 


0.483 

0.457 

0.434 
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Table  12.1a.  C:g  Table  ( Continued ) 


£. 

=  14 

z 

=  18 

2 

=  22 

z  = 

=  26 

m  4- 

9 

y 

180° 

160° 

130° 

180° 

160° 

130° 

180° 

160° 

1303 

180° 

160° 

130 

c 

12 

0 

0 

228 

0 

239 

0 

254 

0 

272 

0 

285 

0 

301 

0 

313 

0 

327 

0 

343 

0 

352 

0 

366 

0.38: 

13 

0 

0 

218 

0 

230 

0 

244 

0 

262 

0 

275 

0 

291 

0 

302 

0 

316 

0 

332 

0 

339 

0 

353 

0.37C 

14 

0 

0 

210 

0 

222 

0 

236 

0 

252 

0 

266 

0 

282 

0 

291 

0 

305 

0 

321 

0 

327 

0 

341 

0.35‘ 

15 

0 

0 

203 

0 

213 

0 

228 

0 

244 

0 

256 

0 

273 

0 

281 

0 

294 

0 

312 

0 

317 

0 

330 

0.348 

16 

0 

0 

196 

0 

208 

0 

222 

0 

236 

0 

250 

0 

265 

0 

273 

0 

287 

0 

304 

0 

306 

0 

321 

0.331 

18 

0 

0 

184 

0 

196 

0 

210 

0 

222 

0 

236 

o 

251 

0 

257 

0 

271 

0 

289 

o 

290 

0 

304 

0.32" 

20 

0 

0 

175 

0 

186 

0 

200 

0 

211 

0 

223 

0 

240 

0 

244 

0 

257 

0 

275 

o 

276 

0 

289 

0.30! 

22 

0 

0 

166 

0 

177 

0 

191 

0 

201 

0 

214 

0 

230 

0 

233 

0 

248 

0 

264 

0 

263 

o 

279 

0.29(1 

24 

0 

0 

158 

0 

170 

0 

183 

0 

192 

0 

206 

0 

221 

0 

223 

0 

238 

0 

254 

0 

252 

0 

268 

0.281 

26 

0 

0 

152 

0 

163 

0 

177 

0 

185 

0 

199 

0 

214 

0 

215 

0 

229 

0 

246 

0 

243 

0 

258 

0.27; 

28 

0 

0 

146 

0 

157 

0 

171 

0 

178 

0 

191 

0 

207 

0 

207 

0 

221 

0 

238 

0 

234 

0 

248 

0.26' 

30 

0 

0 

141 

0 

152 

0 

165 

0 

172 

0 

185 

0 

200 

0 

200 

0 

214 

0 

231 

0 

227 

0 

241 

0.25'. 

32 

0 

0 

136 

0 

147 

0 

160 

0 

167 

0 

180 

0 

195 

o 

195 

0 

208 

0 

224 

0 

220 

0 

235 

0.25: 

34 

0 

0 

132 

0 

142 

0 

156 

0 

162 

0 

175 

0 

189 

0 

188 

o 

203 

0 

219 

0 

214 

0 

229 

0.24> 

36 

.0 

0 

128 

0 

138 

0 

152 

0 

157 

0 

170 

0 

185 

0 

183 

0 

198 

1° 

213 

0 

209 

0 

223 

0.241 

to  the  general  method.  The  relative  advantages  of  the  general  method 
and  the  formula  method  and  means  of  handling  the  limitations  ol  eacl. 
which  are  imposed  by  assumptions  on  which  the  procedure  is  based  wil 
be  further  discussed  in  Chap.  16. 

Let  us  see  now  where  we  are.  We  have  spent  a  lot  of  time  and  effon 
deriving  equations  and  have  ended  up  with  a  simple 

F  =  fL0C  (12-6°) 


and  a  table  giving  values  of  C  for  various  values  of  m,  g,  and  z. 

Suppose  that  we  are  interested  in  finding  the  lethal  value  of  a  giv®* 
process  and  that  we  know  the  heating  time  t,  the  retort  temperature  U 
the  initial  temperature  T0,  the  cooling  water  temperature  Tc,  and  am 
j  and  /,  which  tell  us  how  the  center  temperature  of  the  container  behave. 

How  is  all  this  related  to  F  =  JLgC  and  m,  g,  and  z? 

Let  us  refer  to  Fig.  12.6,  which  shows  diagrammatically  a  heatir  g 
cooling  curve  plotted  on  semilog  paper.  Each  point  on _the  curve ■ . 
sents  a  certain  temperature  at  a  given  time.  Associated  with  eacl 
perature  T  is  a  lethal  rate  L  which  is  a  function  of  T  and  also  of*-  . 
value  chosen  for  z  depends  on  the  bacteriological  data  available 
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ually  in  the  neighborhood  of  18°F.  For  the  present,  we  consider  it  fixed 
z  =  18.  We  know  the  values  of  T\,  To,  and/.  Therefore  /o  =  T\  —  rl\ 
lCj  i-  =  j(Ti  —  To)  =  jh  =  T i  —  Tj.  The  last  relation  then  deter- 
ines  Tj,  the  starting  point  of  the  straight-line  approximation  to  the 
ating  curve.  Since  /  is  given,  the  slope  of  the  line  can  be  found.  The 
,int  W  is  reached  in  t  min,  thus  giving  us  the  temperature  T0  and 


=  T i  —  Tg  (the  case  of  g  <  0.1  will  be  deferred  until  later).  Then 
=  Tg  -  Tc.  We  may  now  enter  the  C:g  table  and  find  the  value  of  C 
responding  to  the  values  of  g  and  m  just  determined.  Knowing  Tg, 
!  value  of  L0  is  found,  using  (12.55)  or  Table  1 1 .4.  Then  the  lethal  value 
the  piocess  is  fully  determined,  since  F  =  fLaC.  Practically,  we  would 
d  g  directly  by  solving  t  =  f  log  (jl/g)  for  g. 

iVhat  we  have  just  done  is  to  evaluate  a  given  process.  Another  type 
problem  which  occurs-  even  more  frequently  is  to  find  the  length  of 
>cess  t  at  temperature  7\  which  has  a  given  lethal  value  F.  This  is 
re  difficult,  but  again,  the  crux  of  the  problem  is  to  determine  g.  This 
i  other  problems  will  be  discussed  systematically  later. 

roblem.  W hat  is  the  lethal  value  of  a  60-min  process  at  245°F  when  Tn  =  1  'SO 
=  65,  *  =  18,/  =  1.6,/  =  50? 

'o  find  g ,  we  use 

1  -  f  log  (jl/g)  > 


00  =  so  log  L§(gi5^!50)  .  50  log  152 
log  152  -  log  g  =  1.2 

log  g  =  log  152  -  1.2  =  2.182  -  1.2  =  0  982 
0  =  9.0 

Tg  =  245  -  9.6  =  235.4 


I 
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From  Table  11.4,  L235.4  =  0.154. 

We  have  also  m  +  g  =  Tx  —  Tc  =  245  —  05  =  180. 

Entering  Table  12.1a  with  2  =  18,  g  =  9.0,  m  +  g  =  180,  we  find  C  =  0.30;; 
Then  the  lethal  value  of  the  process  is 


F  =  fLyC  =  50  X  0.154  X  0.305  =  2.25  min 

The  f/U :g  Curves 

The  C:g  curves,  which  we  have  just  found,  will  enable  us  to  mak 


process  calculations  of  many  types  and  are  basic  to  the  entire  problem  ( 
process  calculation.  We  propose  in  this  section  to  make  a  modificatio 
which  would  greatly  increase  their  usefulness  and  ease  of  application. 
From  (12.57), 

Lg  =  Lie"2-303"7'  (12.61i 

Substituting  in  (12.60), 

F  =  fLie~2-303a/zC 


or 


fLx 

F 


-2.303O/Z 


c 


(12.62 


Defining, 


1 


Fi  =  r 

Li  1 


(12.6c 


and  substituting  in  (12.62),  we  get 


/ 


FFi 


l 

U 


£+2. 303*/  /  z 


C 


(12.6- 


The  new  symbols  Fx  and  U  have  simple  interpretations  as  thermal  deal 
times.  Since  F,  is  the  reciprocal  of  the  lethal  rate  Lh  it  is  numerical! 
equivalent  to  the  thermal  death  time  at  retort  temperature  of  an  organic 
whose  F  value  is  unity.  Similarly,  U  is  numerically  equivalent  to  tt 
thermal  death  time  at  retort  temperature  of  an  organism  whose  therm 
death  time  at  250°F  is  F.  Equation  (12.64)  defines  a  relation  betwe| 
f/U  and  (g,  m,  z ).  This  relation  is  demonstrated  in  table  12.2  a 
Fig  12  7.  Values  of  F 1  are  given  in  Table  12.3  and  Fig.  12.8. 

One  advantage  of  the  f/U:g  system  over  the  C:g  system  is  read 
apparent  when  we  reverse  the  procedure  of  evaluating  a  process  and  ^ 
to  find  the  length  of  process  having  a  given  lethal  value.  For  m  ^ 
case  we  are  given  *,  Th  To,  j,  f,  and  *  and  want  to  find  F.  We  use 
log  (jl/g)  to  find  g.  Then  enter  Table  12.2  to  get  f/U  =  J/FT  ,™ 
spending  to  this  value  of  g,  which  is  readily  solved  for  Th  ^  ^ 
procedure  is  just  as  easy.  We  arc  given  / ,  /  i,  o,  },  !,  |t, 

to  find  (.  First  compute  f/FFi,  then  enter  Tab  e_.2,2  and  get  g, 
find  t,  the  length  of  the  process  in  minutes  from  t  f  g  0  /9 
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Table  12.2.  Values  of  g  for  Different  Values  of  jj  and  z 

SECTION  1.  PART  1 

to  +  g  =  130  z  =  26  to  z  =  16 

ole:  Each  column  headed  g  represents  a  curve  on  Fig.  12.7.  Each  gives  for  one  value  of  z  the  value  of  g  corresponding 
ach  of  the  values  of  jj  given  in  the  first  and  last  columns.  The  intervening  columns,  headed  -q  and  A„  respectively, 
values  of  increments  and  decrements.  The  first  gives  the  vertical  increments  for  the  g  column  adjacent  to  which  it  is 
ed.  The  second  gives  horizontal  decrements  for  given  values  of  jj-  For  instance,  in  Section  1,  Part  1,  the  value  of  24 


h  heads  the  first  ^fc°lumn >s  the  difference  between  the  first  two  values  in  the  column,  g(z  =  26),  viz.,  0.102  and  0.126. 

value  8  which  heads  the  first  Az  column  is  the  difference  between  the  first  values  in  the  two  g  columns,  z  =  26  and 
24,  respectively,  viz.,  0.102  and  0.094. 


f 

9 

(z  =  26) 

A/ 

V 

24 

45 

58 

71 

82 

91 

98 

103 

108 

113 

591 

609 

611 

599 

576 

548 

522 

498 

474 

457 

44 

42 

84 

72 

67 

64 

61 

58 

55 

53 

100 

90 

190 

157 

137 

123 

202 

171 

148 

128 

115 

101 

179 

152 

130 

119 

107 

420 

315 

244 

208 

170 

163 

261 

Az 

9 

(z  =  24) 

A/ 

U 

Az 

9 

(z  =  22) 

A/ 

U 

1  A* 

9 

(z  =  20) 

A/ 

U 

A* 

17  1 

(z  =  18)  V 

1 

g 

(z  =  16)  U 

/ 

U 

.52 

55 

60 

65 

70 

75 

80 

s5 

90 

95 

00 

25 

50 

75 

00 

25 

50 

75 

00 

25 

50 

75 

00 

50 

00 

50 

00 

50 

00 

50 

00 

00 

00 

50 

00 

50 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

0  102 
0.126 
0.171 
0.229 
0.300 

0.382 

0.473 

0.571 

0.674 

0.782 

0.895 

1  486 
2.095 
2.706 
3.305 

3.881 

4.429 

4.951 

5.449 

5.923 

6.38 

6.82 

7.24 

8.08 

8.80 

9.47 

10.11 

10.72 

11.30 
11.85 

12.38 

13.38 
14.28 
16.18 
17.75 

19.12 

20  35 

22  37 
24.08 
25.56 

26.84 

27.99 

29.00 

30.79 

32.31 

33.61 

34.80 
35.87 

40  07 
43.22 

45.66 

47.74 

49  44 

51  07 

53  68 

8 

11 

15 

20 

27 

33 

41 

52 

61 

72 

82 

137 

193 

245 

301 

353 

402 
448 
492 
530 

569 

603 

637 

711 

770 

82 

87 

92 

97 

102 

107 

115 

123 

137 

151 

163 

174 

190 

205 

215 

227 

236 

243 

259 

273 

215 

295 

303 

340 

366 

385 

403 
417 
432 
456 

0.094 

0  115 
0.156 
0.209 
0.273 

0.349 

0.432 

0.519 

0.613 

0.710 

0.813 

1.349 

1.902 

2.461 

3.004 

3.528 

4.027 

4.503 

4.957 

5.393 

5.811 

6.217 

6.603 

7.369 

8.030 

8.65 

9.24 

9.80 

10.33 

10.83 

11.31 

12.23 
13.05 

14.81 

16.24 

17.49 

18.61 

20.47 

22.03 

23.41 

24.57 
25.63 

26.57 
28.20 

29.58 

30.76 

31.85 

32.84 
36.67 
39.56 

41.81 
43.71 
45.27 
46.75 
49.12 

.  7 

0.087 

0  105 
0.142 

0  190 
0.247 

0.316 

0.391 

0.469 

0.553 

0.640 

0.733 

1.216 

1.714 

2.221 

2.710 

3.184 

3.635 

4.065 

4.476 

4.875 

5.253 

5.625 

5.975 

6.672 

7.269 

7.83 

8  36 
8.86 
9.34 
9.80 

10.25 

11.09 

11.84 
13.45 
14.74 

15  88 
16.89 

18.59 
20.01 
21.28 

22.33 

23.30 

24.16 

25.63 

26.88 

27.94 

28.93 

29.84 
33.32 

35  94 

38.00 

39.72 

41  15 
42.47 

44.60 

18 

37 

is 

57 

69 

75 

78 

St 

87 

93 

483 

498 

507 

489 

474 

451 

430 

411 

399 

378 

372 

350 

697 

597 

561 

53 

50 

48 

46 

45 

84 

75 

161 

129 

114 

101 

170 

142 
127 

105 

97 

86 

147 

125 

106 

99 

91 

348 

262 

206 

172 

143 
132 
213 

0  52 
0  55 
0  60 
0.65 
0.70 

0.75 
0  80 
0.85 
0.90 
0.95 

1.00 

1.25 

1.50 

1.75 
2.00 

2.25 

2.50 
2  75 
3.00 

3.25 

3.50 

3.75 
4.00 

4.50 

5  00 

5.50 

6  00 

6.50 
7.00 

7.50 

8.00 
9  00 
10  00 

12.50 
15.00 

17.50 
20  00 
25.00 
30.00 
35  00 

40.00 
45.00 
50  00 
60.00 
70.00 

80.00 
90.00 
100  00 
150.00 
200  00 

250.00 
300.00 
350.00 
400  00 
500.00 

21 

41 

53 

64 

76 

S3 

87 

94 

97 

103 

536 

553 

559 

543 

524 

499 

476 

454 

436 

418 

406 

386 

760 

661 

620 

59 

56 

53 

50 

48 

92 

82 

176 

143 

125 

112 

186 

156 

138 

116 

106 

94 

163 

138 

118 

109 

99 

383 

289 

225 

190 

156 

148 

237 

10 

14 

19 

26 

33 

41 

50 

60 

70 

80 

133 

188 

240 
294 

344 

392 

438 

481 

518 

558 

592 

628 

687 

761 

82 

88 

94 

99 

103 

106 

114 

121 

136 

150 

161 

172 

188 

202 

213 

224 

233 

241 
257 
270 

282 

292 

300 

335 

362 

381 

399 

412 

428 

452 

94 

133 

186 

250 

32 

41 

49 

59 

68 

78 

130 

183 

235 

287 

335 

382 

426 

16N 

506 

545 

582 

618 

686 

747 

81 

86 

91 

96 

100 

104 

112 

119 

135 

1  IS 

159 

170 

186 

199 

211 

221 

230 

239 

254 

207 

278 

288 
296 
331 
357 

377 

394 

407 

423 

446 

0  0956 
0.1287 
0.1714 
0  2220 

0  284 
0.350 

0  420 
0.494 

0  572 

0.655 

1  086 
1.531 

1.986 
2.423 

2.849 

3.253 

3.639 

4.008 

4. '369 

4.708 

5.043 

5.357 

5.986 

6  522 

7.02 

7.50 

7  95 
8.38 

8  80 

9.21 

9.97 

10.65- 

12.10 

13.26 

14.29 

15  19 
16.73 
18.02 
19.17 

20.12 

21.00 

21.77 
23.09 
24.21 

25.16 

26.05 

26.88 

30  01 
32.37 

34.23 

35.78 
37.08 

38.24 

40  14 

331 

427 

506 

620 

66 

70 

74 

78 

83 

431 

445 

455 

437 

426 

404 

386 

369 

361 

339 

335 

314 

629 

536 

498 

48 

45 

43 

42 

41 

76 
68 
145 
116 

103 

90 

154 

129 

115 

95 

88 

77 
132 

112 

95 

89 

83 

313 

236 

186 

155 

130 

116 
190 

85 

124 

177 

241 

32 

40 

48 

57 

66 

76 

126 

177 

229 

278 

326 

371 

414 

155 

494 

531 

570 

005 

674 

732 

78 

83 

87 

92 

97 

102 

110 

117 

134 

146 

157 

167 

183 

196 

209 

218 

227 

236 

251 

263 

274 

281 

293 

326 

353 

373 

389 

402 

418 

440 

0.0871 
0.1163 
0  1537 
0.1979 

0.252 

0  310 

0  372 
0.437 
0.506 

0.579 

0.960 

1.354 

1.757 

2.145 

2.523 

2.882 

3.225 

3.553 

3.875 

4.177 

4.473 

4.752 

5.312 

5.790 

6  24 
6.67 
7.08 
7.46 
7.83 

8.19 

8.87 

9.48 

10.76 

11.80 

12.72 
13.52 
14.90 
16.06 
17.08 

17.94 

18.73 

19.41 

20.58 

21.58 

22.42 
23.21 

23.95 
26.75 

28  84 

30  50 

31  89 
33.06 
34.06 

35.74 

1292 

374 

442 

541 

58 

62 

65 

69 

73 

381 

394 

403 

388 

378 

359 

343 

328 

322 

302 

296 

279 
560 
478 

450 

43 

11 

38 

37 

36 

68 

61 

128 

104 

92 

80 

138 
116 
102 

86 

79 

68 

117 

100 

84 

79 

74 

280 
209 

166 

139 
117 
100 
168 

115 

168 

232 

31 

39 

47 

55 

64 

74 

122 

171 

223 

269 

316 

359 

401 

141 

481 

517 

556 

589 

660 

717 

77 

83 

89 

93 

97 

100 

108 

116 
131 

143 

155 

161 

180 

193 

206 

215 

225 

233 
2  17 
259 

270 
280 
289 
322 
348 

368 

384 

397 

412 

432 

0.1048 
0.1369 
0  1717 

0  221 

0  271 

0  325 
0.382 
0.442 

0.505 

0.838 

1  183 
1.534 
1.876 

2.207 

2.523 

2.824 

3.112 

3.394 

3.660 

3.917 

4.163 

4.652 

5.073 

5.47 

5.84 

6.19 
6.53 
6.86 

7.19 
7.79 
8.32 
9.45 

10.37 

11.17 

11.88 

13.10 
14.13 
15.02 

15.79 

16.48 

17.08 

18.11 
18.99 

19.72 

20.41 
21.06 
23.53 
25.36 

26.82 

28.05 

29.09 

29.94 

31.42 

321 

378 

463 

50 

54 

57 

60 

63 

333 

345 

351 

342 

331 

316 

301 

288 

282 

266 

257 

246 
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Table  12.2.  Values  of  g  for  Different  Values  of  jj  and  2  ( Continued ) 

SECTION  1.  PART  2 

m  +  g  =  130  2  =  1G  to  2  =  6 


THE  FORMULA  METHOD 

Table  12.2.  Values  of  g  for  Different  Values  of  |  and  2  ( Continued ) 

section  2.  part  1 
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Table  12.3.  Relationship  between  F i  and  T,z  and  between  Z  and  7 ,2  ( Continued ) 
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The  F{  Function 

The  F\  function  which  was  defined  in  the  last  section  as  the  reciprocal 
f  the  lethal  rate  at  retort  temperature  (and  is  numerically  equivalent  to 
le  thermal  death  time  at  retort  temperature  of  an  organism  whose  F 
alue  is  unity)  is  capable  of  a  simple  but  useful  generalization.  We  can 
link  of  it  as  a  function  of  z  and  of  a  temperature  T,  and  we  may  show 
s  dependence  on  T  by  writing  it  Fi(T).  The  value  of  2  need  not  be  indi- 
ited,  since  in  problems  of  the  type  considered  in  this  chapter  it  is  con- 
;ant  with  respect  to  temperature.  Thus  for  z  =  18  and  T  =  240,  we 
ave  F,(240)  =  3.594.  We  shall  also  agree  that  when  the  temperature 
not  specifically  indicated,  the  retort  temperature  is  meant,  in  which 
ise  Fi  =  F 1. 

Values  of  F,  or  FfT)  are  given  in  Table  12.3  for  various  values  of  z 

id  T. 


The  Case  Where  g  is  Less  than  0.1 

The  difference  between  the  lethal  rates  of  two  temperatures  separated 
y  less  than  0.1°F  is  too  small  to  be  of  significance  in  calculations  of  this 
iture,  and  we  are  therefore  justified  in  assuming  that,  after  the  center 
the  container  has  reached  a  temperature  0.1°F  below  the  retort,  the 
thal  rate  is  constant  for  the  remainder  of  the  process.  Writing  C0.i  for 
le  C  value,  corresponding  to  g  =  0.1,  and  L0. 1,  instead  of  Lg  =  0.1,  the 
value  of  the  process  at  the  instant  q  becomes  0.1  is  fL0.1C0.1-  If  the 
•ocess  continues  for  tv  min  after  g  reaches  0.1,  the  added  lethal  value  is 
).itu-  Therefore, 

^  =  fU.yCo.1  +  Lo.xtu  =  y-  (fC 0.1  -f  tu)  (12.65) 


~  FF\  —  fC 0.1  +  tu 


(12.66) 


lence 


tu  =  FFi  -  /Co.x 


(12.66a) 


ie  proper  value  for  Cn.i  may  be  obtained  from  Table  12.1a  entering  at 

-  0.1.  Table  12.1a  has  been  constructed  specifically  for  this  purpose 
id  gives  values  of  C0.i  directly. 

To  evaluate  a  process  when  fir  <  0.1,  we  find  the  time  required  to  attain 

U.l  irom  t  —  f  log  07/0. 1 )  and  subtract  this  value  from  the  process 
ne  to  get  tUf  and  then  apply  (12.65). 

dVnYV.U'a,tinV  Pr°CCSS’  We  find  g  <  0  I-  fo  is  obtained  from  (12  00) 
1  added  to  t  -  /  log  07/0.1)  to  get  the  total  process  time.  This  is  a 

h  used  Pr°cedure  in  the  methods  developed  in  Chaps.  14  and  15 
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Table  12.4.  Values  of  p  for  Different  Values  of  g,  of  z,  and  of  m  +  g 

m  +  g  =  180° 

Note:  Each  column  headed  p  gives,  for  one  value  of  z,  the  value  of  p  corresponding 
to  each  of  the  values  of  g  given  in  the  first  column.  The  intervening  columns,  headed 
Ag  and  A z,  respectively,  give  values  of  decrements  and  increments.  Each  of  the 
former  gives  the  vertical  decrements  for  the  p  column  adjacent  to  which  it  is  placed: 
The  latter  give  the  horizontal  increments  of  p  for  given  values  of  g.  Significant 
figures  only  are  given  in  these  columns  since  decimals  are  disregarded. 

For  example,  in  Part  1,  the  value  3  which  heads  the  first  A g  column  is  the  difference 
between  the  first  two  values  in  the  column  p  (z  =  2G),  viz.,  0.944  and  0.941.  Tht 
value  3  which  heads  the  first  A z  column  is  the  difference  between  the  first  values  iri 
the  two  p  columns  z  =  20  and  z  =  18,  respectively,  viz.,  0.944  and  0.947. 
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'able  12.4.  Values  of  p  for  Different  Values  of  g,  of  z,  and  of  m  +  g 

( Continued ) 
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Table  12.4.  Values  of  p  for  Different  Values  of  g,  of  z,  and  of  m 

( Continued ) 
m  +  g  =  150° 
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0.918 

0.915 

0.913 

0.910 

0.908 

0.906 

0.904 

0.902 

0.898 

0.888 

0.879 

0.870 

0.862 

0.855 

0.848 

0.841 

0.835 

0.822 

0.810 

0.799 

0.789 

0.779 

0.769 

0.759 

0.750 

0.741 

0.733 

0.725 

0.718 

0.703 

0.667 

0.633 

0.602 

0.573 

0.546 

0.521 

0.497 

0.473 

0.428 

0.386 

0.347 

0.311 
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Table  12.4.  Values  of  p  for  Different  Values  of  g,  of  z,  and  of  m  +  g 

( Continued ) 
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The  p  Function 

We  have  so  far  considered  only  the  simple  cases  where  the  heating  am 
cooling  curves  are  unbroken,  or  straight,  lines  on  semilog  paper  and  hav 
the  same  slope.  To  handle  problems  where  these  simple  conditions  d' 
not  hold,  we  introduce  the  p  function,  which  is  defined  as  the  ratio  of  th 
lethal  value  due  to  the  heating  part  of  the  process  to  the  lethal  value  c 
the  entire  process.  It  is  equal  to  the  ratio  of  (12.22)  to  (12.53),  or 


JL ^ 

2.303 F 


Ei(- 


2.303^ 


Ei(- 


2.303 


X  80 


(12.671 


Values  of  p  for  various  values  of  g,  to,  and  z  are  given  in  Table  12.4.  1 
p  represents  the  sterilizing  fraction  due  to  the  heating  curve,  1  — 

obviously  represents  that  due  to  th. 


\ 


\ 


\ 


N 

B 


Fig.  12.9.  Sketch  of  semilog  heating  and 
cooling  curves  illustrating  use  of  p 
function. 


cooling  curve. 

As  an  example  of  the  use  am 
power  of  the  p  function,  consider  th 
problem  of  evaluating  a  process  wher 
the  heating  curve  has  a  slope  /  an 
the  cooling  curve  has  a  differen 
slope  c,  as  represented  in  Fig.  12.! 
This  is  accomplished  by  first  evaluai 
ing  a  process  where  the  slope  is . 
obtaining  also  a  value  for  g.  Froi 

-  this  we  find  p  in  Table  12.4,  and 

multiplied  by  the  value  of  F  just  obtained  gives  us  the  lethal  value  of  th 
heating  curve  from  A  to  W.  Knowing  g,  we  get  c/FcFcl  from  T  aide  12. _ 
where  the  subscript  c  refers  to  the  curve  CWD,  which  can  be  solved  orF 
Multiplying  Fc  by  (1  -  p)  gives  the  lethal  value  due  to  A  D.  The » let  - 
value  of  the  process  is,  therefore,  the  sum  of  the  lethal  values  due 
and  WD,  or  pF  +  (1  —  p)Fc- 

Example.  What  is  the  F  value  of  a  75-min  process  at  245°F  if  S}0P^ 
heating  curve  is  given  by/  =  55  and  the  cooling  curve  given  by  c  -  SO .  - 

j  =  1.5,  To  =  150,  Tc  =  65,  z  =  18. 

At  245°F,  F i  =  1.896.  We  have,  then,  from  t  —  J  log  [jJ /g), 

1.5(245  -  150)  _  55  !  142^ 

75  =  55  log - — - - -  _  10g  g 


75  =  1  362  =  log  142d>  =  log  142.5  -  log  g  =  2.154  -  log  g 
55  9 


log  g  =  2.154  -  1.362  =  0.792 
g  =  6.19 


and  the  corresponding  value  of  p  =  0.786,  and  f/l  f/FF\  5.79  for  g  \ 
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en 


J-  =  -  55  -  =  5.79 
FF  i  1.896F 


and 


F  = 


55 _ 

1 .896  X  5.79 


5.02 


lltiplying  by  p, 


5.02  X  0.786  =  3.94 


ich  is  the  lethal  value  of  the  heating  curve. 
<or  the  cooling  curve, 

c  _  80 

Fjx  ~  Fc  X  1.896 


1 .896  X  5.79 


5.79 


7.29 


ich,  when  multiplied  by  1  —  p,  gives  7.29(1  —  0.786)  =  7.29  X  0.214  =  1.56 
i  as  the  lethal  value  of  the  cooling  curve.  The  lethal  value  of  the  process  is 
refore  3.94  +  1.56  =  5.50  min. 


The  Y,  Y -2 2o,  and  Z  Functions 

These  functions,  like  the  p  function,  are  particularly  useful  in  the  solu- 
n  of  the  more  difficult  processing  problems.  We  have  shown  that  the 
lal  value  of  a  complete  process  is  given  by  (12. GO): 


F  =  fL„C 

i  that  of  the  heating  portion  only  is  obtained  by  multiplying  F  by  p. 
i  us  use  the  asterisk  as  a  superscript  to  denote  the  special  case  where 
:  1.  Then 

F*  =  LaC  (12.68) 

m  which  the  interesting  and  useful  relation 

F  =  fF*  (12.69) 

detained.  The  function  Y  is  defined  by 

F  =  =  „L.C  (12.70) 

nay  be  interpreted  as  the  lethal  value  of  the  heating  portion  of  a  process 

We'  r  ,  '  ,  An  lmmedlate  application  of  the  Y  function  is  in  the  evalu- 
tn  of  a  broken-curve  process.  Figure  12.10  shows  a  schematic  repre- 
tation  of  a  broken  heating  curve  whose  associated  F  value  we  wish  to 
apute.  The  points  B  and  IF  are  easy  enough  to  locate  (when  evalu- 
g  piocess),  and  y,  and  g  are  thus  determined.  We  then  evaluate 
process  represented  by  DBWC,  which  is  easy  since  we  know  J  m  d 
>  find  the  corresponding  U/FFl  from  which  F  is  determined  The 
“  Va  ue  rcPresented  by  the  area  DBA  contributes  nothing  to  the  total 
value  ot  the  process,  and  a  correction  is  thus  required  The  lethal 
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value  of  BD  is/2Fp,  and  that  of  AB  is/iFp.  The  difference,  representing 
DBA,  is  (/2  —  fi)YP.  The  lethal  value  of  the  process  is  therefore 
F-Ui-h  )YP. 

There  are  several  ways  of  computing  F.  We  may  use  (12.70) 
Y  =  pLuC,  but  this  method  proves  cumbersome  for  routine  applications. 
Another  method  is  to  find  f/FF,  corresponding  to  g,  then  solve  for  F  with 
/  =  1  and  multiply  by  p.  A  third  method,  devised  specifically  for  this. 


g 


D 


A 


Fig.  12.10.  Sketch  of  semilog  broken  heating  curve  and  a  cooling  curve  illustrating 
use  of  Y  function. 

purpose,  makes  use  of  a  new  function  F22o,  which  has  the  same  significance 
as  Y  except  that  the  retort  temperature  is  assumed  to  be  220°F. 

To  show  the  relation  between  Y  and  Y 220,  we  use 


and 


Y  =  pLgC 
Li  =  e2-303(,/zLi; 


(12.70a) 

(12.57) 


Substituting  (12.57)  in  (12.70),  we  have 

y  =  pLie-  2.3030'zC  =  pg-(2.3O3/*)(25O-ri+0)£ 

At  7,  =  220° F,  V  -  F„»,  and  U  =  by  (12.54). 


(12.71) 

Thcrcfort 


(12.72 


The  ratio  of  (12.71)  to  (12.72)  is 

Y  


Y  22o 


whence 

Setting 


g — (2.303/z)  (220  Tl)  —  Z 


y  (2.303/3)  (220— ro 


(12.73 

(12.74 
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>  have 


Y  =  Y  22qZ 


(12.75) 


dues  of  the  function  Z  are  given  in  Table  12.3. 

Values  of  the  function  Y22 o  were  given  in  curves  and  tables  in  MSTPCF, 
t  these  are  not  reproduced  here  for  a  reason  that  will  be  explained  in 
lap.  14. 

The  relation  between  the  Z  and  F,  functions  is  simple  to  demonstrate, 
ice 

p.  —  g(  2. 3  03/2)  (250—7’) 


:  get,  by  multiplying  by  (12.74), 


FFZ 

d  when  z  =  18, 


g(2.303/z)  (250—7’—  220+7’)  _  g(2.303/z)X30 


FXZ  =  46.42 


(12.76) 


ie  relationship  shown  in  (12.73),  (12.75),  and  (12.76)  is  of  great  impor- 
lce  in  the  equations  of  the  process  calculation  methods  of  Chaps.  14 
d  15. 

When  j  for  the  Cooling  Curve  Is  not  1.41 

rhis  is  indeed  a  troublesome  case.  A  glance  at  (12.53)  reveals  that 
■ee  of  the  six  factors  must  be  altered  to  correct  a  deviation  of  j  from 
1.  There  would,  therefore,  be  little  advantage  in  attempting  to  com- 
te  a  correction  factor  for  C.  Moreover,  the  correction  factor  would 
lude  the  function  E  of  (12.44).  The  alternative  would  be  to  recom- 
te  C  for  various  values  of  j.  It  has  long  been  felt  that  the  labor 
olved  in  such  an  undertaking  would  hardly  justify  the  slight  advantage 
be  gained. 

Vhile  values  of  j  differing  somewhat  from  1.41  are  frequently  encoun- 
ed  in  practice,  in  the  few  instances  where  j  deviates  sufficiently  from 
1  to  justify  a  correction,  one  may  use  the  method  described  in  TFTCF 
70).  The  procedure’s  minor  importance  does  not  seem  to  justify  its 
Toduction  here.  A  more  direct  procedure  is  to  employ  the  general 
thod  of  Chap.  11.  The  new  formula  method  of  Chap.  14  may  also 


Effect  of  the  “Come-Up”  Time  When  Processing  with  Steam* 

;^rUP';(timI  iS  the  tim°  tak°“  t0  brin8  a  retort  to  processing 
p  ature  after  the  steam  lias  been  turned  on.  During  tins  time  heat 

termg  the  can,  and  therefore  this  period  must  have  some  time  ’value 
The  remainder  of  this  chapter  is  quoted  from  TFTCF. 
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as  a  part  of  the  process.  This  value  may  be  expressed  in  per  cent  of  thl 
actual  length  of  time  consumed.  That  is,  this  period  of  increasing  thl 
temperature  of  the  retort  will  shorten  the  length  of  time  necessary  t. 
process  a  container  of  food  after  the  retort  has  reached  processing 
temperature,  by  a  certain  percentage  of  the  period. 

Thompson  [5]  presents  a  formula  which  gives  the  change  in  temperatuix 
at  the  center  of  a  can  in  a  bath,  the  temperature  of  which  increases  at 
uniform  rate.  A  theoretical  study  of  the  effect  of  varying  the  time  taken 
to  bring  the  retort  to  processing  temperature  might  be  made  on  the  bash 
of  this  formula.  However,  an  experimental  method  was  pursued  by  thl 
writer  with  very  satisfactory  results. 

The  study  was  made  by  conducting  heat-penetration  runs  with  boilinji 

water,  using  No.  2  cans  of  con 


ESS3AreaA|0  EZZZ3AreoA2 

- <i - 
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Fig.  12.11.  Time-temperature  curve  for  a 
retort  previous  to  the  nominal  beginning  of 
the  process  period. 


and  of  4  per  cent  starch  solution! 
The  lengths  of  time  taken  to  brinp 
the  bath  to  boiling  temperatun 
varied  from  0  to  66  min.  An  aci 
curate  record  was  made  of  thl 
rate  of  change  of  temperatun 
of  the  bath  while  this  was  ap 
proaching  processing  temperature 
Curves  representing  these  rates  o 
change  were  plotted,  as  shown  ii 
Fig.  12.11,  curve  BCD ;  and  th< 
area  beneath  each  curve  was  de 
termined  between  the  starting 
point  and  the  boiling  point  (are: 
Ax,  Fig.  12.11). 


This  area  varies,  between  the  different  runs,  from  47  to  66  per  cent  o 
the  product  of  the  length  of  the  period  (/i  min,  Fig.  12.11)  and  the  dif 
ference  between  the  initial  temperature  of  the  bath  and  the  processmi 
temperature.  The  product  Unix,  it  is  readily  seen,  represents  the  area  At 
which  lies  beneath  the  time-temperature  curve  of  the  bath  when  the  proc 
eSsing  temperature  remains  constant  for  a  period  ol  h  min.  In  terms 
process  time,  however,  the  value  of  this  period  of  increasing  temperature 
referred  to  a  like  period  of  constant  processing  temperature,  is  less  tiia 
indicated  by  the  preceding  percentages.  It  was  found  to  \ai>  h  we 
82  and  91  per  cent  of  the  value,  as  indicated  by  the  area  beneath  t  e  cu 
Therefore  it  may  be  said  that  the  time  taken  to  bring  a  retort  to  P 
essing  temperature  has  a  value  in  terms  of  process  time  equal  to  a 
0.85  %/a,  min.  As  a  basis  of  calculation  it  may  be  con-tod*, 
the  temperature  of  the  retort  rises  uniformly  from  1,  to 
. .  time-temnerature  curve  from  T,  to  'l\  is  a  straight 
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j  =  YiA-l,  and  the  value  of  the  period  h,  in  terms  of  process  time,  is 

0.85  X  X  h  =  0.42/i  min  (12.77) 

„  ZA2 

In  these  experiments,  the  initial  temperatures  of  the  bath  and  of  the 
ntents  of  the  cans  were  the  same.  If  the  retort  starts  at  a  temperature 
low  that  of  the  can,  the  period  /1  begins  at  the  instant  the  retort  reaches 


•  12.12.  Heating  curves  for  different  cans,  for  which  different 
en  to  bring  the  retort  to  processing  temperature. 


lengths  of  time 


are 


temperature  of  the  can.  If  the  initial  temperature  of  the  retort  is 
her  than  that  of  the  can,  the  value  to  the  process  of  the  period  h  will 
increased  to  a  somewhat  greater  quantity  than  that  given  in  (12  77) 
ro  determine  the  equivalent  of  the  period  lx  in  process  time  the  heating 
ves  were  p  otted  on  semilog  paper.  It  was  found  that  increasing  the 
od  /1  merely  moves  the  log  curve  to  the  left  with  respect  to  the  vertical 

.  repre  t  th  *  at  hich  the  retort  reaeh(!d  processing  ^ 

ouch  which  18  ated  "I  Fi6'  12'12'  The  number  of  minutes 
ough  which  a  curve  is  moved  to  the  left  from  the  position  V,  is  the 
cess  time  equivalent  of  the  period 

■he  principle  just  set  forth  obviously  cannot  be  applied  when  the  pene- 
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tration  of  heat  into  the  can  is  so  rapid  that  the  temperature  at  the  cente 
of  the  can  follows  the  retort  temperature  very  closely  as  the  latter  rises1 
so  that  the  temperature  of  the  can  is  but  a  few  degrees  below  proc» 
essing  temperature  at  the  time  the  retort  reaches  this  temperature.  Fo 
instance,  the  temperature  of  a  can  of  peas  follows  that  of  the  retort  s« 
closely  that  the  shape  of  the  heating  curves  for  this  substance  may  bd 
made  to  vary  greatly  by  varying  the  time  used  to  bring  the  retort  up  tc 
processing  temperature. 

Peas  in  No.  2  cans,  when  no  coming-up  time  is  used  in  their  process- 
give  a  heating  curve  for  which  the  value  of  /  is  less  than  3;  while  for  pea:; 
in  No.  10  cans,  when  processed  under  the  same  condition,  the  value  o 
/  is  about  8.  If,  however,  time  is  taken  to  bring  the  retort  to  processing 
temperature,  the  difference  between  the  heating  curves  for  No.  2  am 
No.  10  cans  is  not  so  great,  and  the  tendency  of  the  curves  to  become  simi 
lar  increases  as  this  period  of  time  increases.  When  the  time  requiree 
for  the  rise  in  temperature  of  the  retort  is  as  great  as  15  min,  it  is  hardb 
possible  to  distinguish  between  the  heating  curves  for  No.  2  and  No.  1C 
cans. 

SUMMARY 


The  formula  method  of  evaluating  processes,  as  presented  in  TPTCI 
and  MSTPCF,  during  its  use  for  the  past  thirty-three  years,  has  becomn 
standard  procedure  in  predicting  heat-sterilizing  processes  for  canned 
foods.  It  has  a  high  degree  of  precision,  broad  flexibility  (although  no 
as  broad  as  that  of  the  general  method  described  in  Chap.  11),  am 
requires  much  less  time  than  any  other  method  except  those  employinfi 
nomographic  procedure. 

In  the  formula-method  procedure,  data  from  the  heating  curve,  coolinp 
curve  and  the  thermal  death  time  curve  are  combined  through  a  sene, 
of  mathematical  steps  which  lead  to  the  evaluation  of  the  process  in  suck 
terms  as  may  be  desired  by  the  operator.  The  option  of  terms  is  eithe. 
(1)  the  lethal  value  of  a  process  of  given  time  and  temperature  or  (  ) 
length  of  a  process  of  given  temperature  and  lethal  value. 

The  basic  mathematics  of  the  formula  method  has  been  presented 
Chap.  12.  The  mathematics  shown  herein  is  not  employed  directly  i 
solving  individual  problems.  It  is  used,  as  will  be  shown  in  C  haps. 

15,  to  develop  a  list  of  equations  of  algebraic  form  and  to  produce  a  sen 
of  values  of  functions,  which  is  tabulated.  A  problem  >s  olve^ byjup 
plying  values  to  the  parameters  ol  certain  alge  nan  equ 
and  solving  the  equations.  The  parametric  values  are  aken  > - 
the  tables  of  the  values  of  functions  and  are  derived  in  j 

preliminary  equations  that  apply  to  the  problem.  P 

illustrated  in  detail  in  Chaps.  14  and  15. 
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SYMBOLS 


Parameter  in  equation  of  hyperbola. 

Parameter  in  equation  of  hyperbola. 

Parameter  in  derived  formula  for  calculating  length  of  process,  value  of 
which  depends  upon  values  of  m,  g,  and  z. 

Value  of  C  corresponding  to  g  =  0.1°.  See  Chaps.  13  and  16. 

Slope  value  of  cooling  curve. 

A  transcendental  function,  defined  as 


—  X  pt  f  00  P  * 

-dt  =  /  —r-  dt  >  0 

—  00  t  J  X  t 


See  Chap.  4. 

Value  of  F  when  /  =  1. 

See  Chap.  4. 

(=  l/Li)  Thermal  death  time  at  retort  temperature  7\  of  an  organism  for 
which  F  =  1 . 

Lethality  value  of  a  hypothetical  process  in  which  fe  is  slope  of  both  heating 
and  cooling  curve. 

Lethality  value  of  a  hypothetical  process  in  which  fc  is  slope  of  both  heating 
and  cooling  curve  when  F  =  1. 

(=  l/£)  Thermal  death  time  at  temperature  T  of  an  organism  for  which 
F  =  1. 


See  Chap.  5. 

Slope  of  heating  curve  before  point  of  break  in  curve. 

Slope  of  heating  curve  after  point  of  break  in  curve. 

( =  Ti  ~  To)  Difference  between  heating  temperature  and  maximum  tem¬ 
perature  attained  at  critical  point. 

Difference  between  heating  temperature  and  temperature  7’p,  at  which  a 
break  occurs  in  heating  curve. 

See  Chap.  5. 

( =  jl 0)  Difference  between  heating  temperature  and  temperature  of  starting 
point  of  straight-line  approximation  to  heating  curve. 

See  Chap.  5. 

First-order  modified  Bessel  function  of  second  kind. 

See  Chap.  1 1. 

Lethal  rate  at  temperature  7\. 

Lethal  rate  at  temperature  T„. 

Lethal  rate  at  temperature  T„  when  g  =0.1. 

Parameter  in  equation  of  hyperbola,  tn  =  7\,  —  Tr 

Percentage  of  total  lethality  value  of  a  process  which  is  represented  bv 

cr~rly' when  siope  of  l  „f  :ibny 

See  Chap.  5. 

First  retort  temperature.- 
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Ta  A  temperature  arbitrarily  chosen  on  heating  curve. 

Tc  Temperature  of  cooling  water. 

T0  Highest  temperature  attained  at  measured  point  in  container. 

T j  Temperature  value  of  starting  point  of  straight-line  approximation  to  i 

heating  curve. 

Tp  Temperature  at  which  a  break  in  heating  curve  occurs. 

T z  A  temperature  arbitrarily  chosen  on  heating  curve. 

t  See  Chap.  5. 

ia  Time  value  corresponding  to  temperature  Ta  on  heating  curve. 

tv  Time  during  which  a  process  is  continued  after  instant  the  temperature  at. 

critical  point  becomes  0.1°  below  retort  temperature. 

lt  Time  value  corresponding  to  temperature  Tz  on  heating  curve. 

V  Volume  of  a  heating  tube. 

X'  (  =  Ti  —  T)  Difference  between  retort  temperature  and  temperature  repre¬ 

sented  by  any  point  on  heating  curve. 

X  =  — 0.1279X'. 

Y  (=  ZY 220)  Fraction  of  lethal  heat  necessary  to  sterilize,  which  is  effective 

at  center  of  container  up  to  time  container  attains  temperature  gbh  deg 
below  retort  temperature  7\  when  /  =  1  and  F  =  1 .  /  i  has  any  value. 

F220  Value  of  Y  when  Ti  =  220°. 

%  (  =  g-u.soa/zKMo-r,))  Parameter  relating  Y  to  Y 1 2«. 

2  See  Chap.  4. 
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CHAPTER  13 

IORMULA  AND  GENERAL  METHODS 

ADDITIONAL  SYMBOLS,  EQUATIONS,  AND  EXAMPLES 


ORIGINATION  OF  A  NEW  SYSTEM  OF  CALCULATION 


Experience  in  calculating  processes  by  the  two  methods  presented  in 
'haps.  11  and  12  has  demonstrated  that  results  obtained  by  the  formula 
lethod  are  identical  to  those  obtained  by  the  general  method  when  the 
,vo  calculations  are  applied  to  identical  conditions  as  defined  by  the 
eating,  cooling,  and  thermal  death  time  curves.  When  the  extension 
f  the  use  of  the  calculation  methods  to  the  evaluation  of  nutritive  and 
arious  other  factors  was  undertaken  (see  Chap.  15),  it  became  necessary 
)  enlarge  all  tables  of  parameters  so  as  to  include  the  parametric  values 
^responding  to  values  of  z  extending  to  an  upper  limit  far  beyond  the 
alue  26  which  was  the  maximum  value  included  in  the  tables  in  MSTPCF. 

A  search  was  made  for  ways  to  produce  the  expansion  of  the  tables 
ithout  going  through  the  voluminous  calculations  which  are  indicated 


y  the  equations  of  Chap.  12.  The  idea  was  conceived  of  making  dis- 
ibuted  calculations  ot  lethality  values  by  the  general  method  and  of  con- 
ructing  curves  showing  these  results  for  different  combinations  of  heat- 
ig,  cooling,  and  thermal  death  time  curve  factors  over  the  complete 
mges  of  values  of  those  factors  requiring  coverage;  then,  from  these 
m^es,  of  compiling  tables  of  parameters  for  use  in  making  calculations, 
these  general-method  computations,  giving  values  of  P,  or  “per  cent 
erihzation,”  were  made,  and,  somewhat  unexpectedly,  in  the  course  of 
us  work  came  the  discovery  of  a  new  line  of  attack  upon  the  calculation 
.ocedures.  As  a  result,  a  technic  for  making  calculations  was  evolved 

Ecras  rr- “  *°  — •  *• - 


'»■  i»  >o  . 

scnption  oi  the  new  system  of  calculation  and  to  give  examples  in  the 
living  of  problems.  In  view  of  the  superiority  of  the 
ocedures  over  those  g,ven  under  the  formula  method  in  MSTPCF 
.ampies  of  problems  under  the  origins,  formula  system  will  n“t  be  d£ 
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played,  as  had  been  intended,  but  will  be  displaced  by  problem  solutions 
illustrating  the  new  procedure.  These  will  be  given  in  Chap.  14.  The  < 
original  formula  system  embodies  the  foundation  of  the  new  system- 
therefore  an  understanding  of  the  development  of  the  former  is  considered  : 
to  be  a  prerequisite  to  an  understanding  of  the  latter.  For  this  reason 
Chap.  13  will  be  devoted  to  showing  the  derivation  of  important  working  ! 
equations,  which  are  subordinate  in  the  original  system  to  the  basic  equa¬ 
tions  presented  in  Chap.  12.  These  will  be  followed  by  a  list  of  titles  of ! 
problems  which  were  solved  in  MSTPCF  by  the  formula  method,  in  order 
to  give  the  reader  a  realistic  conception  of  the  scope  of  the  application  of 
the  formula-method  procedure.  Next,  the  solutions  of  two  problems  by 
the  general-method  procedure  will  be  shown.  These  will  be  followed  by 
a  summary  of  the  chapter  and  a  list  of  definitions  of  symbols  used  in 
Chap.  13. 

The  equations  given  in  this  chapter  have  been  taken  from  MSTPCF 
with  no  change.  For  this  reason,  the  symbols  and  definitions  have  been 
retained  in  their  original  forms.  Although  the  notation  of  this  chapter 
does  not  entirely  conform  to  that  of  the  rest  of  the  book,  we  believe  this 
will  cause  little  difficulty,  since  the  two  sets  of  notation  serve  different 
purposes.  The  principal  changes  are  listed  in  Table  13.1. 


Table  13.1.  General  Correlation  of  Notations  between  Chap.  13  and 

the  Rest  of  the  Book 


Chap.  13 

Description 

Rest  of  book 

RT 

Retort  temperature 

Ti,  T t 

CT 

Container  temperature 

T,Tb,  TP,Tph,Ta 

IT 

Initial  temperature 

To 

CW 

Cooling  water  temperature 

Tc 

Rb,  x 

Process  time 

t 

h 

Process  time  after  g  =  0.1° 

tv 

t 

Thermal  death  time. 

T 

C'bhy  Qbhj  Pbh 

Values  at  point  of  break 

CP,gp,pP 

Xbh 

Time  to  a  break  in  curve 

tp 

fh,  f hi 

Slope  of  heating  curve 

f,  fi 

100  A,  100  Y 

Percentage  of  sterilization 

P,  V 

To  eliminate  the  need  for  a  separate  reference  to  TPTCF,  the  equations 
needed  from  TPTCF  to  use  in  the  development  of  working  equa  ion 
to  (20)  are  listed  below: 


Reference  to  TPTCF 
Eq.  (1),  p.  13 

Eq.  (4),  p.  17 


Equation 

5*  =  log  &  [see  (8),  (9 L),  (10A),  (12F), 
fh  <J 


(18),  (197),  (20A),  (22£)1 


5®  =  log  [see  (127?)] 

Z  fr 


Reference  to  TPTCF 


]q.  (17a),  p.  30  =  A  [see  (37?),  (47?)] 
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1  Equation 


;q.  (176),  p.  30 

lq.  (35),  p.  43 
lq.  (36),  p.  43 
q.  (52),  p.  66 

q.  (54),  p.  67 

q.  (56),  p.  60 

Iso,  see  p.  69 


fjf  =  1  [see  (7/)] 

+  A  =  1  tsee 

4.i  4.i 

h  =  <0.1  -  fhCo.i  [see  (1/?)] 
fhlCb 


pi ■ 


4 


=  Aik  [see  (3J)[ 


.4*  =  +  po  ifhl  -  fi)Ch  [See  (7 A),  (17A)] 

1 2  lb 

C2  =  ^  [see  (7//)] 

(fhi  -  fACi, 


7  =  1- 


pb 


t, . 


[see  (77?)] 
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Equation  (1): 

B,{  =  B"  +  U  -  fkT  (1) 

►erived  from  Eq.  (36),  TPTCF  (p.  43), 

B"  =  number  of  minutes  required  for  temperature  at  center  of  can  to 
:ach  0.1°  below  retort  temperature. 

Thus  it  is  evident  that 

Bn  =  B"  +  h 

By  Eq.  (36),  TPTCF, 

h  =  Cl  -  AC'o.! 

By  virtue  of  lethal-heat  values  expressed  in  TPTCF  (p.  43), 

*o.i  =  U  or  t0.i  =  U 


(1  A) 
(IB) 


The  values  of  C0.i  are  given  in  Table  12.1,  herein. 
Thus 

h  =  U  -  fhT 

ld  Bl{  =  B"  +  U  -  fhT 

Equation  (2): 

U a  =  Bna  -  B”  +  fhaT a 
Converting  Eq.  (1)  to  apply  to  a  known  process, 

Bna  =  B :  +  Ua-  fhaT  a 

Transposing  Eq.  (2.4),  we  obtain  Eq.  (2). 

Equation  (3): 

B’c  =  100.4'  =  100  4  Y' 

F 


(1C) 


(ID) 

(1) 

(2) 


(2/1) 


(3) 
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From  Eq.  (3),  we  have 


4  /  _  fj1  y> 

c  f 


(34): 


Bv  virtue  of  Eq.  (17a),  TPTCF  (p.  30),  and  by  definitions  of  A'  and  j 
Y',  the  general  equation  for  Y'  is 


)"  =j  when  F  =  1 


(3B): 


Defining  < /F  by  the  equation 

gF  =  250°  -  g'  (3C) ; 

we  may  substitute  —g'F  for  Xo  and  F  for  i/o  in  Eq.  (4),  TPTCF  (p.  17): 


Changing  signs  in  Eq.  (3 I))f 
Solving  Eq.  (3 E)  for 


—  {/>  ,  F 

=  log  77 
z  t 


g  F  .  t' 
7  -  log  F 


OF 


t'  =  F  X  10  * 

Substituting  from  Eq.  (3 F)  into  Eq.  (SB) 

If  yf 

P  ^ 


(3D) 
(3D) 
(3  F) 


Y'  = 


0F_ 

F10  2 


when  F  —  1 


(3 G) 


By  Eq.  (3 G),  we  may  obtain  the  general  equation  for  Y’  by  giving  F  m 
Eq.  (3G)  the  value,  unity, 

v 


Y'  = 


qr_ 
10  2 


(3  H) 


Substituting  Eq.  (3 F)  into  Eq.  (3 H),  we  obtain 

Fp'C' 


r  = 


f 


(SI) 


Equation  (52),  TPTCF  (p.  66),  is  put  into  general  form  by  a  substitu- 
tion  of  subscripts,  as  follows: 

. ,  JhP  0  (3 J ) 

Ac  =  jp 

Dividing  Eq.  (3/)  by  F,  y/ 


T~  ”  F 

Substituting  from  Eq.  (3 K)  into  Eq.  (3.7),  we  obtain  Eq.  (SA). 
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Equation  (4): 

v.  1 

k  r 

o 

o 

II 

o 

o 

II 

fts 

(4) 

r  p 

From  eq.  (4), 

we  have 

II 

(4A) 

e  P 

ubstituting  Eq.  (31)  into  Eq.  (E4), 


Equation  (35),  TPTCF  (p.  43),  is  generalized  by  substituting  A'<01 
>r  1  and  B<01  for  h  (see  definition  of  B'<QA  on  p.  39G). 


hich  is  Eq.  (17a),  TPTCF  (p.  30). 
Equation  (5): 


'rom  Eq.  (5)  we  have 


a: 


c  <0.1 

rom  general  equation  (31) 


y  Eq.  (1C), 


II 

© 

O' 

1 - 

> 

©  •'* 

+ 

1  ^ 

Im 

1 

(5) 

/*n.,  ,  Bio., 

F  '  U 

(5A) 

_  Ff>'o.iC'9ml 

Ci 

(5  B) 

Cl  =  u 


(1C) 


_  fhC'0  l  B'<01 

^<o.i - j, - h  -77— 

l0.1  io.l 


(5C) 


y  definition  of  A'oa  and  Eq.  (4 B), 

A>  _  fhC  o  j 

^o.i - r, — 

t°-1 

rbstituting  hq.  (fi/tj  into  eq.  (5C), 


(5  D) 


^<o.,  =  A'u  + 


4 1 


(5  E) 


By  definition,  the  only  difference  between  the  value  of  .1 '  that 
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of  Eq.  (5A),  the  ('fleet  of  the  cooling  portion  is  entirely  included  in  the 


value  of  A 0A,  it  is  evident  that  a  change  of  the  first  term  alone  from  A' 
f°  Ac  o.i  will  change  the  value  ot  this  member  from  that  of  Ar<t,  {  to  that 
A'c  <0.1.  Thus, 


n> 

A  >  —A'  I  -D<o.i 

<0.1  —  o.i  i - 77 

‘0.1 


By  definition  of  A'c  0.x  and  Eq.  (3 J), 


\  I  _  fhpO.lC  o.i 
c'0.1  —  77“ 

‘0.1 


Substituting  Eq.  (5 G)  into  Eq.  (5 F), 


a : 


c  <0.1 


/fcPO.lC'o.1  #<0.1 


/'  1  /' 
t0.1  ‘0.1 

Substituting  Eqs.  (5 #)  and  (1(7)  into  Eq.  (5 H), 


a: 


c  <0.1 


An.  i  +  #<o.i 


F 


U 


which  is  identical  to  Eq.  (5A). 
Equation  (6): 


P'< o.i  =  100T<0  x  =  100 
From  Eq.  (6),  we  have 


An. i  ,  #<o.i 

Fp0.i  u 


,,  An.i  i  #<o.i 

^<0.1  —  T7I,  TT 


PO.l 


u 


Substituting  Eq.  (5#)  into  Eq.  (Gyl), 

An.i  #<o.i 


4  '  _  u-x  4- 

-^<0.1  —  it  '  i> 

‘o.i  ‘o.i 


This  is  identical  with  Eq.  (5(7). 
Equation  (7): 


Vh  =  i  +  e(  ^  (A  -  AO 


or 


YL 


Vh  =  i  +  ^<0.1  -jr  (A  -  Ai) 


(5  F) 


m 


m 


(6) 


(64) 


(6  B) 


(7) 


From  Eq.  (54),  TPTCF  (p.  67),  by  substitution  of  subscripts  to  conform 
to  present  definitions, 

(7  A) 


,,  fiCh2  i  /  (Ai  ~  AKA 

12  =  ur  +  p“  s 


‘bfc 
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rom  TPTCF  (p.  09),  substituting  Vh  for  V  (see  MSTPCF,  Introduction, 
iragraph  18),  we  obtain 

v  i  /  (A i  —  fi)Cbh  (7P) 

Vh  =  1  -  pbh - 77 - 

lbh 

=  i  _  eifsh  (fil  -  ft)  (70 

lbh 

rom  general  eq.  (31)  and  Eq.  (7 C), 

(A.  -  ft)  (70) 

=  1  +  (ft-  ft,)  (7 E) 

The  factor  d(  was  neglected  in  TPTCF,  and  its  omission  makes  no  dif- 
rence  in  the  results  of  the  majority  of  calculations.  When  a  calculated 
ocess  terminates  very  soon  after  the  point  of  break  in  the  heating  curve, 
>wever,  the  results  become  confusing  without  the  use  of  this  factor,  as 
ere  is  a  discontinuity  in  lethal-heat  values  at  the  point  of  break. 
Inserting  the  factor  d(  arbitrarily,  as  coefficient  of  the  terms  concerned 
ith  the  point  of  break  in  the  heating  curve,  we  have 

vh  =  i  +  e,  ^  (ft  -  A,)  (7 F) 


The  formula  for  6(  is  entirely  empirical  and  is  given  such  form  that  the 
llowing  statements  are  true: 

1.  When  the  calculated  process  terminates  at  the  point  of  break  in  the 
‘ating  curve,  d(  has  the  value  1/Pbh. 

2.  As  the  calculated  processes  become  longer,  i.e.,  as  the  terminal  points 
the  processes  fall  after  the  point  of  break  in  the  heating  curve,  the  value 
6(  rapidly  approaches  unity. 


Case  1:  In  the  first  case  = 
1-  (7 C),  we  have 


when  6(  is  placed  as  a  coefficient  of 


(7 G) 


ibstitutmg  this  value  of  Vh  for  V  in  Eq.  (56),  TPTCF  (n  69) 
arranging,  we  obtain  '  ’ 


and 


Ch2  =  ~  ( 1  -  _ Jj}Cbh\ 

h  \  tbh  ) 

it,  under  the  condition  given. 

Ch 2  =  Cbh  and  th  2  =  thl, 


OH) 
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Therefore,  we  obtain  from  Eq.  (7 H), 

fhiCbh 

Uh 


(71) 


which  is  of  the  form  of  Eq.  (176),  TPTCF  (p.  30).  Thus,  we  see  that, 
when  the  calculated  process  terminates  at  the  point  of  break  in  the  heating  i 
curve,  the  factor  6(  places  the  process  onto  the  basis  of  one  for  which  the 
cooling  curve  has  the  same  slope  as  the  first  part  of  the  heating  curve, 
viz.,  fhi. 

Case  2:  In  the  second  case,  when  6(  has  substantially  the  value  1,  it  is 
seen  that  6(  does  not  affect  the  value  of  Vh  and  the  cooling  curve  is 
considered  to  have  the  same  slope  as  the  final  part  of  the  heating  curve, 
viz.,  /2,  as  explained  in  TPTCF  (p.  07). 

Equation  (8): 

=  f,  log  &  (8) 

Qh.1 


Equation  (8)  is  obtained  directly  from  Eq.  (1),  TPTCF  (p.  13),  by 
making  the  following  substitutions  of  symbols: 


Equation  (9) 


Xch  <o.i  —  C 


1  + 


From  Eq.  (7.4),  we  have 


1  h-i 


Xch  Xh 

g'bh  for  Vh 

fi  for  fh 

ght  for  g 

YU(h  ~  /«) 

fit  hi  0.1 

F 

f  Phi  0. 1 

f-lCh‘2  ,  PbhUA  bh  Pbh. 

~  ft  /' 

h  2  Lbh 

+  /2(1  +  log  g'bh) 


tl 


bh 


From  general  equations  (4 B)  and  (31), 

/2C/,2  _  f 2  Y hi 


A"  = 

/lh1 


th 


hi 


F  Phi 


From  general  equations  (3 J)  and  (31), 

ptfuCL  _  Ai I* 


A '  = 

^  *  cbh 


ti 


bh 


a 


nd 


. ,  _  PbhftC  'hh  _  fi  1  bh 

Acbh1  —ft  f 

lbh 


Substituting  Eqs.  (9 B),  (9 C),  and  (9 D)  into  (9.4), 

A'hi  =  A /,2  +  Achh  ~  Ac 


cbh  2 


(94) 


(95) 


(90 

(90) 


(9  E) 
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"'or  the  condition  g'h20A  =  0.1°,  we  have,  from  Eq.  (9 B), 


A  " 

A h2  0.1 


h  2  0.1 


ti 


t>2  0.1 


/2E/12  0.1 
F Ph2  0.1 


367 


(9  F) 


nd,  when  g'h2  <0.1°,  we  have,  from  Eq.  (577), 


B'h 


h 2  <0.1 


A"  —A"  4-  n 

h2  <0.1  —  /1A2  0.1  1  1 / 

lh2  0.1 

pplying  condition  g'h2  <  9.1°  to  Eq.  (9 E),  we  obtain 
A'  -A"  _i_  a'  —  A' 

A-h2  <0.1  —  /th2  <0.1  1  SLcbh  n-cbh2 


(9  G) 


(9  77) 


instituting  from  Eqs.  (9 F),  (9 G),  (9(7),  (9 D),  and  (1(7)  into  Eq.  (9 H), 
e  have 


Ai 


_  f 2 Eii 2  0. 1  .  fhiY'bh  fiY'bh  B'h2  <0.1 
A2<01  "  Fpfc,o.i  F  F  +  U 


(97) 


ollecting  terms  and  inserting  the  factor  0(  <0.i  as  coefficient  of  the  terms 
hich  are  concerned  with  the  point  of  break  in  the  heating  curve, 


AL 


h 2  <0.1 


h2  0.1  ,  d(  <0.1  )  'bh(fhl  —  f 2 )  ,  B'h2  <Q.i 

Fph2  0.1  F  U 


(9.7) 


we  impose  the  condition  that  the  process  is  just  sufficient  for  sterili- 
ition,  Eq.  (9.7)  becomes 

1  _/2^A20.1  .  6(  <0.1  1  bhifhl  —  f2)  ,  hh  ,^Trs 

~  W  +  - F -  +  U  (9A) 


e  make  the  following  substitutions  in  Eq.  (1),  TPTCF  (p.  13): 

B'bh  for  xh  g'bh  for  yh 
ft  for  fh  0.1  for  g 


ving 

f  =  “*0 

(97.) 

3m  which 

B'hh  =  /2(  1  +  log  gbh) 

(971#) 

Y  definition, 

xch  <0.1  =  hh  +  Bbh 

(9A0 

>lving  Eq.  (9 K)  for  hk, 

h  =  U 

1 

<0.1  i  bhifhi  —  /•_>) 

A’f  h2  0.1 

(97*) 

F 

7  Ph2  0.1 

ibstituting  Eqs.  (9il7)  and  (9 P)  into  Eq.  (9JV)  gives  Eq.  (9). 
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Equation  (10): 


9h2a  =  lOg-1 


(io8 -  f) 


(10) 


Taking  log  of  each  member  of  Eq.  (10)  and  transposing, 


•^cha  _  1  Qbha 
f 2a  '  g  Qh2a 


(104) 


which  is  Eq.  (1),  TPTCF  (p.  13),  after  a  substitution  of  symbols. 
Equation  (11): 


_  f 2a  F h2a 


Ph2a 


bhaif 2a  fh\a) 


(ID 


From  Eqs.  (9 B)  to  (9 E),  we  have 


A  _  /2F/12  L  1  bhifhl  ~  fj) 

Ah 2  "  FPk 2  +  F 


(114) 


Imposing  the  conditions  that  the  process  is  a  given  process  and  just 
sufficient  for  sterilization,  Eq.  (114)  becomes 


^  _  f2aXh2a  1  bhaLfhla  f 2a) 


F  ph2a 


(1U5) 


Inserting  the  factor  6a  as  coefficient  of  the  terms  which  are  concerned  with 
the  point  of  break  in  the  heating  curve, 

f 2a^ h2a  _|_  ®a  1  bhaifhla  ~  fta) 


1  = 


Fph 


2  a 


F 


(110 


Solving  Eq.  (11C)  for  F,  we  obtain  Eq.  (11). 
Equation  (12): 


F  -  /*  (Y-^  -  »•  -  /-)  <12) 

Ph2  0.1a  jog_i  ZO[J  a  a 


Solving  Eq.  (9 K)  for  U, 
U  = 


Fhh 


(124) 


„  /2F/12  0.1  a  V>  (  f,  ,  —  /■.,) 

p1  — - U  t  <0. 1  *  bh  \J  h  1  •  “ 


Ph2  0.1 


Substitutions  in  Eq.  (4),  TPTCF  (p.  17).  Rive 


?  I 


(12  B) 
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rom  Eq.  (12 B) 


U 


=  F  ^log-1  - 


250°  -  IIT 


(12  C) 


rom  Eqs.  (12.4)  and  (12(7), 

Fhh 


F  - 


fvYhi  o.i 


=  F  log-  250°  -  RT  (12 D) 


<0.1  1  bhifh  1  ~  fi) 


Phi  0.1 

jiving  Eq.  (12D)  for  F, 

T7T  ATt  t  T  /•  \  I  Ji  1  hi  0.1  |  hih 

F  =  6t  <o.iY bh(f hi  ~  h)  H — _  H - 250°  —  RT  (Y2E) 


Phi  0.1 


log-1 


ibstitutions  in  Eq.  (1),  TPTCF  (p.  13),  give 


lying  for  hh, 


hh  .  0.1 

r  =  °s  - - 

Jia  yhi  <0.1  a 

hh  =  ~fia(  1  “  log  gh 2  < 0. la) 


(12E) 


( 1 2  G) 


lposing  the  condition  that  the  process  is  a  given  process,  and  substi- 
ting  Eq.  (12 G)  into  Eq.  (12/7), 


—  @a  <0.1 1  bhaifhla  ~  /2a)  +  fia 


lich  is  Eq.  (12). 
Equation  (13): 


'  1  hi  0.1a 

Phi  0.1a 


1  +  lOg  Qhi  <0.1  a 


log 


250°  -  R T a 


(12  H) 


R'chi  =  100.4',2  =  100 J— 
om  Eq.  (13),  we  have 

A  /  _  J  *  bft  i 

chi - -  T 


fhiVU  +  fi(Vhi  -  YU) 
F 


fhiYU  ,  .fjYh,  _  f2Y'b 
F  F 


bh 


(13) 


(ISA) 


r  definition,  the  only  difference  between  the  value  of  A'h2  and  A',,  lies 
the  fact  that  the  former  includes  the  cooling  portion  of  the  process*  while 
e  latter  does  not.  Since,  in  the  right-hand  member  of  Eq  (9 E)  the 
ect  of  the  cooling  portion  is  entirely  included  in  the  value  of  A"  ’it  is 
ident  that  a  change  of  the  first  term  alone  from  4"  to  A''  will  chanee 
e  value  of  this  member  from  that  of  A'hi  to  that  of  A'h2.  '  Thus 


AChi  -  A'c'hi  +  A'cbh  —  A' 


cbhi 


(13  B) 
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From  general  equations  (3 1)  and  (3 J), 


1"  -  ph-f"-  ch 2  _  f2Yh o 

A  ch2  it  T? 

tho  r 


1 A2 


(13C) 


Substituting  Eqs.  (9(7),  (9 D),  and  (13(7)  in  Eq.  (13 B)  gives  Eq.  (13d). 
Equation  (14): 


Yht 


@h2fhl  1  bh  +  /  2 

PI,  =  100AI,  =  100 -  VPA2 


1  bh 


h  2  — 

From  Eq.  (14),  we  have 


) 


F 


(14) 


i,  _  QhifhiY'bh  ,  fzYhz  OhifzY 
h2''  F  +  ph-tF  F 


Tt 

bh 


(144) 


Inserting  the  factor  dh2  in  Eq.  (9 E)  as  coefficient  of  the  terms  concerned 
with  the  point  of  break  in  the  heating  curve, 

A'h  2  =  A'h  2  +  dh2Acbh  —  dh<>Acbh2 

Substituting  Eqs.  (9JB)  to  (9 D)  into  (14P)  gives  Eq.  (14A): 


(14B) 


h2  PhiF 

Equation  (15): 

P'ch  2  <o.i  =  100A'A2  <0.i 

=  100 

From  Eq.  (15),  we  have 


,,  f  2  Y ft 2  ,  n  bill  W,  a  f'Abh 

Ah  =  - +  Vh2  — ~p —  —  Vhi  -  p~ 


(140 


fhiY'hh  +  f*(Ykt  o.i  —  Ybh)  B'h 2 <oi 


F 


V 


(15) 


4 ' 

■‘‘■chi  <0.1 


fhiYbh  .  fiYhi  o.i  __fiY[h  ,  Bfh2 <o.i 
~T~  +  F  F  ^  U 


(154) 


From  general  equations  (5(7)  and  (5 B), 


At,  _  o-1 

■^ch 2  0.1  J? 


(15  B) 


Substituting  Eqs.  (9C),  (15B),  ('•>»).  >“>'1  (1C>  in  E<1- 

B'h2  <0.1 


t  J  ff  4  /  I  lit 

A'eh 2  <0.1  =  Acbh  4-  Acb 2  0.1  -  Acbh2  ■+■  ~  t>o  i 
We  may  make  the  following  substitutions  in  Eq.  (5 F). 

Ach2  <0.1  f01  <0.1 


(15(7) 


A  ch2  0.1  0.1 

B'h 2  <0.1  for  B< o.i 


and 
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\n  —  A"  i  Bhl  <0-1 

Vlllg  chi  <0.1  —  ^  chi  0.1  I 

ibstituting  Eq.  (15 D)  in  Eq.  (15 C), 

A  ch  <0.1  =  A  Ch1  <0.1  T"  Acbh  Acbh1 


(15  D) 


(1 5E) 


By  definition,  the  only  difference  between  the  value  of  A'ch2  K 0A  and 
at  of  A'h 2  <o.i  lies  in  the  fact  that  the  latter  includes  the  cooling  portion 
the  process  while  the  former  does  not.  Since,  in  the  right-hand  member 
Eq.  (9 H),  the  effect  of  the  cooling  portion  is  entirely  included  in  the 
due  of  A'bi  <o.i,  it  is  evident  that  a  change  of  the  first  term  alone  from 
hi  <0.1  to  A"2-<0.i  will  change  the  value  of  this  member  from  that  of 
;2<0.i  to  that  of  A'ch 2  <o.i.  Thus,  from  Eq.  (9 H), 


a : 


chi  <0.1 


=  A 


u 

chi  <0 


.1  1  A  cbh  A  cbh  ‘2 


(15  F) 


lich  is  identical  with  Eq.  (15 E). 
Equation  (16): 

i  <o.i  =  100.4  A2  <o.i 


=  100 


Shi  <0.1  fhiY'bh  +  f i  (  ~  Shi  <o.i Y'bh) 

\  Phi  0.1  / 


F 


+ 


Bl 


hi  <0.1 


u 


om  Eq.  (16),  we  have 


A  /  _  Shi  <0.lfhl  1  bh  I  ftYhl  0.1  Shi  <0.1/2!  'hh  ,  B'h<y  < n, 

** hi  <0.1 -  T  -FT—  H - 

1  r  Phi  0.1  r  U 


(16) 


(IGA) 


rearrangement  of  terms  shows  Eq.  (16.4)  to  be  identical  with  Eq.  (9J). 
Equation  (17): 


V  = 


1  +  fh 


(17) 


The  heating  curve  in  a  divided  process  is  properly  regarded  as  a  curve 
ving  a  break  at  the  time  retort  temperature  is  changed.  The  value 
r  slope  fh  remains  the  same,  however,  since  the  origin  of  the  curve  before 
e  break  is  RT h  while  the  origin  of  the  curve  after  the  break  is  RT2. 
lerefore,  applying  the  principles  discussed  in  TPTCF  (pp  64-67)  we 
rive  from  Eq.  (54) 


A  >  —  fh^i  .  . 

yl2 - jr  T-  Jh 

it) 


Pb\(  61  PblF 


<61 


M 2) 
tU  ) 


(17yl) 


Imposing  upon  Eq.  (17.4)  the  condition  that  the  process  is  just  sufficient 
r  sterilization,  we  have 


=  -Ml2  _(_  fhPbiC'bi  _  fhp'b2C 


u 

62 


*'61 


t'bl 


(17  B) 
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From  Eq.  (17 B), 


fkCi 


=  1  - 


fktiiCU 


62 


*2  *  C  C 


vb  1  vb2 

By  definition  of  symbol  V  and  Eq.  (17 C), 

fktixC'u  M2C'b2 


(17  C)' 


7  =  1- 


<61 


f 

l62 


(17  Dy 


From  general  equations  (3 1)  and  (3 H), 


A'cbl  = 


MkCU  fhY'bl 


<61 


F 


and 


4 '  — 

‘ 1  cb2  — 


fWkCh  fh  Yb 


62 


1 62 


F 


(HE) ' 
(17  F)- 


Substituting  Eqs.  (17 E)  and  (17F)  into  Eq.  (17 D),  we  obtain  Eq.  (17). 
Equation  (18): 

062 


xc  =  fh  log 


02 


(18) 


Equation  (18)  is  obtained  directly  from  Eq.  (1),  TPTCF  (p.  13),  by 
making  the  following  substitutions  of  symbols: 


xc  for  Xh 
062  for  yh 
02  for  g 


Equation  (19): 

xc  <0.1  =  Hi  +  fh 


1  +  log  g'b 2  +  Fi2  (  Yb 2  -  Yb i  - 


2  0.1 


P 2  0.1 


(19) 


From  general  equations  (4 B)  and  (SI), 

fhC*  _  fh  Y  2 


\"  = 

71  o 


t'o 


F  pi 


(19i) 


Substituting  Eqs.  (17#),  (17 F),  and  (19.4)  in  (17.4), 


.4;  =  +  .4: 


c61 


a: 


c62 


(195) 


For  the  condition,  </2  =  0.1°,  we  have,  from  Eq.  (19.4), 

fhC 2  0.1  _  fh  1  2  0.1 


A  "  — 

A  2  0.1 


2  0.1 


FP 


(190 


2  0.1 


and,  when  g'2  <  0.1°,  we  have,  from  Eq.  (5#)> 


R' 

a;  _  4 "  4-  HIM 

^*2  <0.1  "2D.1  ~  /' 

u2  0.1 


(195) 
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applying  condition  g-z  <  0.1°  to  Eq.  (19 B),  we  obtain 

d-2  <0.1  =  A<z  <0.1  “b  Acbi  A cb2 
ubstituting  Eq.  (19/))  into  Eq.  (19/7), 
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B' 


A'  —A"  4-4'  —  A'  4-  — 

■^2  <0.1  —  ^2  0.1  “  **cbl  -rlc62  '  t> 


2  <0.1 


(19#) 


(19F) 


2  0.1 


If  we  impose  the  condition  that  the  process  is  just  sufficient  for  sterili- 
ition,  Eq.  (19#)  becomes 

1  =  A  2V1  +  A 

olving  Eq.  (19(7)  for  hb, 

hb  =  ^2  o.i(l  A. 

We  may  make  the  following  substitutions  in  Eq.  (1),  TPTCF  (p.  13), 


—  A'  4- 

^c&2  i  f 

(19  G) 

l2  0.1 

A  cbl  "" b  A  chi') 

(19//) 

B'h2  for  xh 

9b2  for  yh 

0.1  for  g 

Sk  =  log  Fii 
h  g0.1 

(19/) 

Bb2  =  fh  (1  +  log  gb2) 

(19./) 

xc  <o.i  =  Bb2  +  hb 

(19  K) 

vi  ng 

om  which 
y  definition, 

ibstituting  Eqs.  (19C),  (17 B),  (19 B),  and  (1C)  into  Eq.  (19//),  then 
3s-  (19./)  and  (19//)  into  Eq.  (19/v),  we  have 


<0.1  =  /fc(l  +  log  g'b2)  +  £/. 


(  1  _  fh  1  2  0. 1 

V  Fp  2  0.1 


Y  definition, 


= 


Uf 

F 


f-^+m  (i9L) 


(1971/) 


Jar  ranging  Eq.  (19L)  and  substituting  Eq.  (1971/)  into  Eq.  (19L)  gives 
1- 

Equation  (20): 

<?2a  =  log-1  ^log  g'b2a  -  (20) 

ipo^ing  on  Eq.  (18)  the  condition  that  the  process  is  a  given  process, 

Xca  =  fha  log  ^ 

<72a 

arrangement  of  Eq.  (204)  gives  Eq.  (20). 


(204) 
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Equation  (2 1) : 


F  =  fha  n,  -  Y'h2a  + 


Y 


2  a 


P2n 


(21) 


From  Eqs.  (19A),  (19B),  (17  E),  and  (17F),  we  have 


,,  _  fkYt  ,  fhYbi  _fjYU 
y  2  '  FP,  +  F  F 


(2  U) 


If  we  impose  the  condition  that  the  process  is  just  sufficient  for  sterili¬ 
zation,  Eq.  (21  A)  becomes 

fkYt  ,  fhYbi  fhYbi 


1  = 


+ 


Fpi  '  F  F 

Converting  Eq.  (21  B)  to  apply  to  a  known  process: 


(21B) 


,  fha  1  fcia  f ha  1  62a  j_  fha^  2o 

1  ~~F~  F  ^  Fpia 


(21 C) 


Solving  Eq.  (21C)  for  F,  we  obtain  Eq.  (21). 

Equation  (22): 

Yi  o. la  log  02  <Q.la  +  1 


F  =  fha  /  Y'bla  ~  Y'b2a  + 


P‘2  0.1a 


log-1 


250°  -  RTia 


(22) 


Bv  substitutions  in  Eq.  (1),  TPTCF  (p.  13),  we  have 


K  ,  0.1 

-  =  log  - - 

fh  0 2  <0.1 


Solving  for  h 


b, 


hb  =  fh(- 1  -  log  02  <0.l) 

By  other  substitutions  in  Eq.  (1),  TPTCF  (p.  13),  we  have 


(22A) 
(22  B) 


=  log 

?  r 


(22  C) 


,-i 


250°  -  RTi 


(22  D) 


Solving  for  t2  0.i, 

t't  o.i  =  F  log 

3<|S.  (IOC),  (17 E),  (17 F),  (22 B),  and  (22 D)  into  Eq.  (I9d), 

,  An  m  ,  Wk  _  A Ik-  ><X  + 

1  =  7^  +  F  f  F  tar- 


Substituting  Eqs 
we  have 


z 
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on  verting  Eq.  ( 225 )  to  apply  to  a  known  process: 


1  = 


fha 

FP 


Y 2  0.1a  ,  fha  i  b\a  _  fha  )  b2a  _  A°(l  ~1~  Ql  <0-la)  (2‘2F 

t>2  0.1  a  F  F  p  l()g-1  ~ 


living  Eq.  (225)  for  5,  we  obtain  Eq.  (22). 

Equation  (23): 

pu  =  ioo.i;,  =  ioo  !j  (f;,  -  Y'n  +  f2) 


om  Eq.  (23),  we  have 


fhY'bl  fhYb2  ,  fhY 2 


j  /  _  J  n  *  bl  _  J  n  x  62  _ 

^C2  77T  77T 


/' 


om  general  equations  (3/)  and  (3./), 


F 


F 


(23' 


(23/1) 


4"  —  -/fL2 

c2  5 


(235) 


om  Eqs.  (23.4),  (235),  (175),  and  (175),  we  have 

^c2  =  ^4C2  —  ^c&2  +  ^c&l 


(23  C) 


By  definition,  the  only  difference  between  the  value  of  A'c2  and  that  of 
lies  in  the  fact  that  the  latter  includes  the  cooling  portion  of  the  process 
iile  the  former  does  not.  Since,  in  the  right-hand  member  of  Eq.  (195), 
i  effect  of  the  cooling  portion  is  entirely  included  in  the  value  of  A2, 
is  evident  that  a  change  of  the  first  term  alone  from  A 2  to  A'c2  will 
inge  the  value  of  this  member  from  that  of  A2  to  that  of  A\  Thus 
>m  Eq.  (195), 

=  A'c2  -f  A'cbl  -  A'cb2  (23 D) 

ich  is  identical  with  Eq.  (23C). 

Equation  (24): 

n  =  100.4;  =  ioo  p  (n,  -  yu  + 

am  Eq.  (24),  we  have 

\  '  —  fhY'bl  fh  1  52  I  fhY  2 
2  P  r  + 

bstoting  Eqs.  (1SU),  (17 E),  and  (17/0  into  Eq.  (19*),  we  obtain 
Equation  (25): 


(24) 


(24.4) 


Pc2<o.i  -  100.4 '2<01  =  ioo 


h 


B' 


f  ^  bi  ^  62  +  Y2  o.i)  + 

U  2 


(25) 
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From  Eq.  (25),  we  have 


_hY'bl 

ftc2<0.1  ~  p 


fkY'b2  ,  fhl 


F 


+ 


2  0.1 


F 


+ 


B' 


2  <0.1 


u* 


From  general  equations  (56’)  and  (5 B), 


A 


ff 

c 2  0.1 


fhY 2  0.1 
F 


(254) 


(25  B) 


Substituting  Eqs.  (17 E),  (17 F),  (25 B),  and  (1C)  in  Eq.  (25A), 


R' 

A'  —A'  —  A'  4-4"  |  ^2  <o.i 

c2  <0.1  —  -^cb  1  -'1c62  l  ^02  0.1  I  it 

0.1 


(25C) 


By  definition,  the  only  difference  between  the  value  of  A'c2  <0 ,  and  that 
of  A 2  <o.i  lies  in  the  fact  that  the  latter  includes  the  cooling  portion  of  the 
process  while  the  former  does  not.  Since,  in  the  right-hand  member  of  i 
Eq.  (19F),  the  effect  of  the  cooling  portion  is  entirely  included  in  the  value 
of  A^o.i,  it  is  evident  that  a  change  of  the  first  term  alone  from  A  "o.i  to 
A o.i  will  change  the  value  of  this  member  from  that  of  A\  <01  to  that 
of  A'c2  <o.i.  Thus,  from  Eq.  (19F), 


a: 


c 2  <0.1 


=  A 


1 1 

c  2  0.1 


+  21' 


cbl 


4 ' 

^■cb2 


+ 


Bo  <o.i 
h  o.i 


(25  D) 


which  is  identical  writh  Eq.  (25C). 
Equation  (26) : 

n<».,  =  100.4  =  100  fj 

From  Eq.  (26),  we  have 


YU  + 


Y  2  O.lj  B  2  <0.1 

P2  0.1  /  C  2  _ 


(26) 


An 


/*! 


n 

61 


2  <0.1 


F 


fhY'b-l  ,  fhY 2  0,1  ,  B 2  <0.1 
F  F p2  0.1  C 2 


(264) 


Substituting  Eqs.  (19C),  (17 E),  (17 F),  and  (1C)  into  Eq.  (19F),  we  obtain 
Eq.  (26A). 


TITLES  OF  PROBLEMS — FORMULA  METFIOD  (FROM  MSTPCF) 

I 

Class  1.  Simple  process. 

Group  1.  The  heating  curve  is  a  simple  logarithmic  curve. 


1.  Calculation  of  Length  of  Process 

\A.  Difference  between  retort  temperature  and  j)he  maximum 
attained  at  center  of  can  is  not  less  than  0.1°. 

15.  Difference  between  retort  temperature  and  the  maximum 
attained  at  center  of  can  is  less  than  0.1°. 


temperature 

temperature 


n  rl 
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2.  Calculation  of  a  Process  Equivalent  to  a  Gi\ren  Process 
at  a  Different  Retort  Temperature 

L  Difference  between  retort  temperature  and  the  maximum  temperature 
attained  at  center  of  can  is  not  less  than  0.1°. 
i.  Difference  between  retort  temperature  and  the  maximum  temperature 
attained  at  center  of  can  is  less  than  0.1°. 


3.  Calculation  of  Effect  of  Change  in  Initial  Temperature 
upon  Time  Necessary  for  Sterilization 

Difference  between  retort  temperature  and  the  maximum  temperature  attained 
at  center  of  can  has  any  value. 


4.  Calculation  of  Time  Necessary  to  Reach  a  Given 
Temperature  at  Center  of  Can 

Difference  between  retort  temperature  and  the  given  temperature  at  center  of 
can  has  any  value. 

5.  Calculation  of  Temperature  Attained  at  Center  of  Can 

in  a  Given  Length  of  Time 

Difference  between  retort  temperature  and  the  temperature  attained  at  cen¬ 
ter  of  can  in  the  given  period  of  time  has  any  value. 

6.  Calculation  of  Amount  of  Lethal  Heat  at  Center  of  Can 

up  to  a  Given  Time,  Expressed  as  Percentage 
of  Heat  Necessary  to  Sterilize 

.  Difference  between  retort  temperature  and  the  temperature  attained  at  cen¬ 
ter  of  can  in  the  given  period  of  time  is  not  less  than  0.1°. 

.  Difference  between  retort  temperature  and  the  temperature  attained  at  cen¬ 
ter  of  can  in  the  given  period  of  time  is  less  than  0.1°. 


II 

lass  1.  Simple  Process. 

roup  2.  There  is  a  break  in  the  heating  curve. 


7.  Calculation  of  Length  of  Process 

Difference  between  retort  temperature  and  the  maximum 
attained  at  center  of  can  is  not  less  than  0.1°. 

Difference  between  retort  temperature  and  the  maximum 
attained  at  center  of  can  is  less  than  0.1°. 


temperature 

temperature 


8.  Calculation  of  a  Process  Equivalent  to  a  Given  Process 
at  a  Different  Retort  Temperature 


Difference  between  retort  temperature  and  the 
attained  at  center  of  can  is  not  less  than  0. 1  °. 
Difference  between  retort  temperature  and  the 
attained  at  center  of  can  is  less  than  0.1°. 


maxi  mu m  temperatu  re 
maximum  temperature 
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9.  Calculation  of  Effect  of  Change  in  Initial  Temperature 
upon  Time  Necessary  for  Sterilization 

9A.  The  time  of  occurrence  of  break  is  given,  and  the  difference  between  retort- 
temperature  and  the  maximum  temperature  attained  at  center  of  can  is 
not  less  than  0.1°. 

9 B.  The  time  of  occurrence  of  break  is  given,  and  the  difference  between  retort- 
temperature  and  the  maximum  temperature  attained  at  center  of  can  is 
less  than  0.1°. 

9C.  The  temperature  at  center  of  can  when  break  occurs  is  given  and  is  higher 
than  either  initial  temperature,  and  the  difference  between  retort  tem¬ 
perature  and  the  maximum  temperature  attained  at  center  of  can  has  any  > 
value. 

9 D.  The  temperature  at  center  of  can  when  break  occurs  is  given  and  is  lower 
than  the  initial  temperature  of  can  in  process  to  be  calculated,  and  the  i 
difference  between  retort  temperature  and  the  maximum  temperature  > 
attained  at  center  of  can  has  any  value. 

9 E.  The  temperature  at  center  of  can  when  break  occurs  is  given  and  is  lower 
than  the  initial  temperature  of  can  in  the  given  process,  and  the  difference 
between  retort  temperature  and  the  maximum  temperature  attained  at 
center  of  can  has  any  value. 


10.  Calculation  of  Temperature  Attained  at  Center  of  Can 
in  a  Given  Length  of  Time 

10T.  The  time  of  occurrence  of  break  is  given,  and  the  difference  between  retort 
temperature  and  the  temperature  attained  at  center  of  can  in  the  given 
period  of  time  has  any  value. 

10 B.  The  temperature  at  center  of  can  when  break  occurs  is  given,  and  the  dif¬ 
ference  between  retort  temperature  and  the  temperature  attained  at  cen¬ 
ter  of  can  in  the  given  period  of  time  has  any  value. 


11.  Calculation  of  Time  Necessary  to  Reach  a  Given 
Temperature  at  Center  of  Can 

11  A.  The  time  of  occurrence  of  break  is  given,  and  the  difference  between  retort 
temperature  and  the  given  temperature  at  center  of  can  has  any  vah^ 
11  £  The  temperature  at  center  of  can  when  break  occurs  is  given,  and  the  - 
ference  between  retort  temperature  and  the  given  temperature  at  cenwa 

of  can  has  any  value. 


12A. 
12  Ii. 


12  Calculation  of  Amount  of  Lethal  Heat  at  Center  of  Can 
up  to  a  Given  Time,  Expressed  as  Percentage  of  Heat 
Necessary  to  Sterilize 

difference  between  retort  temperature  and  the  temperature  ^attained  at 
center  of  can  in  the  given  period  of  time  is  not  less  than  .  •  ftt 

Difference  between  retort  temperature  and  the  temperature  attair 
center  of  can  in  the  given  period  of  time  is  less  than  0.1  . 
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III 

lass  2.  Divided  process. 

roup  1.  The  heating  curve  is  a  simple  logarithmic  curve. 

13.  Calculation  of  Length  of  Process 

L  The  time  of  occurrence  of  change  in  retort  temperature  is  given,  and  the 
difference  between  final  retort  temperature  and  the  maximum  tempera¬ 
ture  attained  at  center  of  can  is  not  less  than  0.1°. 

I.  The  time  of  occurrence  of  change  in  retort  temperature  is  given,  and  the 
difference  between  final  retort  temperature  and  the  maximum  tempera¬ 
ture  attained  at  center  of  can  is  less  than  0.1°. 

7.  The  temperature  at  center  of  can  at  time  of  change  in  retort  temperature 
is  given,  and  the  difference  between  final  retort  temperature  and  the 
maximum  temperature  attained  at  center  of  can  is  not  less  than  0.1°. 

).  The  temperature  at  center  of  can  at  time  of  change  in  retort  temperature 
is  given,  and  the  difference  between  final  retort  temperature  and  the 
maximum  temperature  attained  at  center  of  can  is  less  than  0.1°. 


14.  Calculation  of  Divided  Process  Equivalent  to  a  Given 
Simple  Process  at  any  Retort  Temperature 

..  Difference  between  final  retort  temperature  and  the  maximum  temperature 
attained  at  center  of  can  is  not  less  than  0.1°. 

Difference  between  final  retort  temperature  and  the  maximum  temperature 
attained  at  center  of  can  is  less  than  0.1°. 


15.  Calculation  of  a  Divided  Process  Equivalent  to  a  Given 
Divided  Process  at  Different  Retort  Temperatures 

.  Diffei ence  between  final  retort  temperature  and  the  maximum  temperature 
attained  at  center  of  can  is  not  less  than  0.1°. 

.  Difference  between  final  retort  temperature  and  the  maximum  temperature 
attained  at  center  of  can  is  less  than  0.1°. 


16.  Calculation  of  Effect  of  Change  in  Initial  Temperature 
upon  Time  Necessary  for  Sterilization 

.  The  time  of  occurrence  of  change  in  retort  temperature  is  given,  and  the 
difference  between  final  retort  temperature  and  the  maximum  tempera¬ 
ture  attained  at  center  of  can  is  not  less  than  0.1°. 

‘  Th?.ilme  °f  occurrence  of  change  in  retort  temperature  is  given,  and  the 
difference  between  final  retort  temperature  and  the  maximum  tempera¬ 
ture  attained  at  center  of  can  is  less  than  0.1°. 

.  The  temperature  at  center  of  can  at  time  of  change  in  retort  is  given,  and 
he  Afferent*  between  final  retort  temperature  and  the  maximum  tem- 
peratuie  attained  at  center  of  can  has  any  value. 
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17.  Calculation  of  Temperature  Attained  at  Center  of  Can 
in  a  Given  Length  of  Time 

17.4.  The  temperature  at  center  of  can  at  time  of  change  in  retort  temperature  is 

given,  and  the  difference  between  retort  temperature  and  the  tempera-: 
ture  attained  at  center  of  can  in  the  given  period  has  any  value. 

17.8.  The  time  of  occurrence  of  change  in  retort  temperature  is  given,  and  the 
difference  between  retort  temperature  and  the  maximum  temperature: 
attained  at  center  of  can  in  the  given  period  has  any  value. 

18.  Calculation  of  Time  Necessary  to  Reach  a  Given 
Temperature  at  Center  of  Can 

18.4.  The  temperature  at  center  of  can  at  time  of  change  in  retort  temperaturei 

is  given,  and  the  difference  between  retort  temperature  and  the  tempera¬ 
ture  attained  at  center  of  can  in  the  given  period  has  any  value. 

188.  The  time  of  occurrence  of  change  in  retort  temperature  is  given,  and  thei 
difference  between  retort  temperature  and  the  temperature  attained  at: 
center  of  can  in  the  given  period  has  any  value. 

19.  Calculation  of  Amount  of  Lethal  Heat  at  Center  of  Can 
up  to  a  Given  Time,  Expressed  as  Percentage 
of  Heat  Necessary  to  Sterilize 

19.4.  Difference  between  retort  temperature  and  the  temperature  attained  at 

center  of  can  in  the  given  period  is  not  less  than  0.1°. 

198.  Difference  between  retort  temperature  and  the  temperature  attained  at 
center  of  can  in  the  given  period  is  less  than  0.1°. 


PROBLEMS— GENERAL  METHOD 

Two  procedures  for  evaluating  processes  by  the  general  method  are 
illustrated  in  Problems  20  and  21.  These  are  taken  from  MSTPCF. 
An  exposition  of  the  principles  underlying  the  general  method  and  a 
development  of  the  mathematics  involved  are  contained  in  Chap.  11- 


Problem  20 


Divided  Process.  Calculation  of  length  of  process  when: 

1.  There  is  a  break  in  the  heating  curve  (slope  changes  from /u  to/*)- 


Note  A:  When  we  come  to  the  point  of  applying  a  two-temperature 
product  having  a  break  in  the  heating  curve,  we  have  passed  far  beyond  t 
condition  of  .“product  having  a  straight  logarithmic 

simple,  or  a  one-temperature,  process.  In  the  solution  of  coi  P  •  I  ’hod  and 

Problems  20  and  21,  it  is  suggested  that  the  reader  try  both  the  general  m  ^  ^ 

the  new  formula  method  illustrated  in  (hap.  anr  r<  :u  .  tan(iDOjnts  of  facility 
method  is  preferred  on  the  basis  of  their  comparison  from  the  standpoints 

of  manipulation  and  accuracy  of  results. 


FORMULA  AND  GENERAL  METHODS 


381 


.  13.1.  Curves  for  Problems  20  and  21  plotted  to  ordinary  linear  rectangular 
rdi  nates. 


100  l2°Time°min160  ^80  200  220  240  260~280 
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Since  this  method  of  solution  is  entirely  general,  it  applies  to  any  condition  so: 
that  it  is  not  necessary  for  us  to  restrict  its  use  to  a  product  having  one  break  ini 
heating  curve  and  being  given  a  divided  process.  Any  heating  curve  may  be'l 
used,  and  any  kind  of  a  process  may  be  involved.  This  problem  is  solved  for 
heating  curve  XX,  plotted  in  Figs.  13.1  and  13.2.  We  assume  that  this  curve  has 
been  determined  experimentally  and  carried  to  a  point  which  is  certain  to  be  well* 
beyond  that  which  represents  sterilization;  and  a  cooling  curve  has  been  deter¬ 
mined,  starting  at  this  point. 


Specifications 

(1)  Product .  W 

(2)  Size  of  can .  No.  10 

(3)  Slope  of  thermal  death  time  curve .  z  =  16° 

(4)  Number  of  minutes  required  to  destroy  the  organism  at  250°.  ...  F  =  12  rain 

(5)  First  retort  temperature .  RTi  =  250° 

(6)  Second  retort  temperature .  RT2  =  242° 

(7)  Number  of  minutes  retort  held  at  first  retort  temperature .  xb  =  32  min: 

(8)  Number  of  minutes  between  beginning  of  process  and  break  in 

heating  curve .  z&a  —  20  rain 

(9)  Slope  of  heating  curve  before  break . fh\  =27  min 

(10)  Slope  of  heating  curve  after  break . /*  =  120  min 

(11)  Initial  temperature .  Cl  =  160 

(12)  Cooling  water  temperature .  CW  =70° 

(13)  j  =  1.08 

Find  process  Bb  necessary  for  sterilization. 


Solution 

1.  If  cooling  curves  cannot  be  determined  experimentally  at  other  points  than 
the  final  point  on  the  heating  curve,  approximate  cooling  curves  should  be  con¬ 
structed  by  reproducing  the  experimentally  determined  cooling  curve  at  two  or 
three  points  along  the  heating  curve  after  the  point  of  change  in  its  slope  (seethe 
broken-line  cooling  curves  at  points  V  and  IF,  Fig.  13.1).  These  points  s  ou 
be  distributed  over  a  range  which  is  certain  to  include  the  sterilization  pom  . 

Note  B:  If  a  cooling  curve  is  constructed  so  as  to  start  at  or  before  the  point  of  break 
in  the  heating  curve  (see  cooling  curve  UL  at  20  min,  Fig.  13.1),  it  should  have  slop 
value /a i  instead  of  that  of  a  cooling  curve  obtained  experimentally  at  a  later  point. 


2  Construct  a  table  of  seven  columns  (see  Table  13.2,  step  9). 

3.  List  in  columns  1  and  2  a  succession  of  time  values  extending  throug 
range  covered  by  first,  the  complete  heating  curve;  second,  each  of  the 

4  Tabulate  in  column  3  the  temperature  of  the  can— taken  from  the  heating 
and  cooling  curves-corresponding  to  each  time  value  listed  m  cohimnsj  *• 

5.  Tabulate  in  column  4  the  value  250°  minus  can  temperature  (250 

for  each  value  of  CT  listed  in  column  3.  divided  b) 

6.  Tabulate  in  column  5  the  value  250“  m.nus  can  temperatute  d  v 
*_2  representing  slope  of  thermal  death  time  curve  (item  5  under  spec 
—for  each  value  of  250°  -  CT  listed  in  column  4. 
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of  Data  Used  in  Plotting  Lethality  Curves 


250 

3  -  CT 

t 

F 

CT 

250°  -  CT 

z 

F 

i 

187.5 

62.5 

3 

.903 

8000 . 00 

0.000125 

106.5 

53.5 

3 

.342 

2200 . 00 

0 . 000455 

209 . 2 

40.8 

2 

.550 

354 . 50 

0 . 00282 

222.8 

27.2 

1 

.700 

50.05 

0.01997 

232.3 

17.7 

1 

107 

12.80 

0.07815 

232 . 3 

17.7 

1 

.  107 

12.80 

0.07815 

222.4 

27.6 

1 

.727 

53 . 35 

0.01876 

212.0 

38.0 

2 

.376 

238 . 00 

0.0042 

202 . 0 

48.0 

3 

.000 

1000.00 

0.001 

192.0 

58.0 

3 

.624 

4200 . 00 

0.000238 

234.0 

16.0 

1 

.  000 

10.00 

0.100 

235 . 4 

14.6 

0 

.914 

8.20 

0.122 

236.5 

13.5 

0 

.845 

7.00 

0.143 

237.0 

13.0 

0 

.813 

6.50 

0.154 

237.0 

13.0 

0 

.813 

6 . 50 

0.154 

235 . 8 

14.2 

0 

880 

7.74 

0.1292 

233.6 

16.4 

1 

027 

10.66 

0 . 0939 

228.6 

21  .4 

1 

338 

21.75 

0 . 0460 

220.7 

29.3 

1 

831 

67.85 

0.01473 

210.8 

39  2 

2 

448 

280 . 30 

0  00356 

200 . 5 

49  5 

3 

003 

1240.00 

0  000807 

237.7 

12.3 

0 

770 

5 . 80 

0  170 

238.4 

11.6 

0 

726 

5.32 

0.  188 

230.1 

10.9 

0 

681 

4.80 

0.2083 

239.6 

10.4 

0 

651 

4.47 

0 . 2238 

230.6 

10.4 

0 

651 

4.47 

0  2238 

238 . 4 

11.6 

0 

726 

5.32 

0.188 

236 . 3 

13.7 

0 

857 

7.20 

0.139 

231.3 

18.7 

1 

169 

14.75 

0  0670 

222.8 

27.2 

1 

700 

50.05 

0.01997 

213.5 

36.5 

2 

281 

101  20 

0  00524 

202.9 

47.1 

2 

046 

884 . 00 

0.001132 

240.3 

9.7 

0 

606 

4.04 

0.248 

240.6 

9.4 

0. 

587 

3 . 86 

0  259 

240.8 
241 .2 

9.2 

8.8 

0. 

0 

575 

550 

3 . 76 
3.55 

0.266 

0.282 

241.2 

240.2 

238.2 
234.0 
226.1 
215.8 
205.5 

8.8 

9.8 

11.8 

16.0 

23.9 

34.2 

44.5 

0. 

0. 

0. 

1 

1  . 
2 
2. 

550 

612 

730 

000 

403 

130 

780 

3.55 

4.10 

5.48 

10.00 

31 . 10 
138.70 
602 . 00 

0.282 

0.244 

0. 183 

0.100 

0.0322 

0.00726 

0.00166 

«*-!- 
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Table  for  Use  with  Fig.  13.3 


Lethality  curves 


Per  cent  sterilization— time 
curves 


Problem 


Combined 

Heating  Cooling  heating  and  Cooling  only 

cooling 


heavy-line  curves) ....  JUVWY  UL,  FA',  WQ,  EF 

YS 


EG 


light-line  curves) .  JU'V'W'Y'  U'L',V'N',  EF' 

WQ',  Y'S' 


EG' 


Get  values  of  t/F  for  column  6  by  taking  the  antilog  of  the  values  in  col- 


Place  the  reciprocals  of  t/F  in  column  7. 

Table  13.2,  solved  for  this  problem  on  page  383. 

I.  Plot F/t  (column  7,  Table  13.2)  against  time  (columns  1  and  2,  Table  13.2). 
Fig.  13.3:  curve  JUVWY,  representing  heating,  and  curves  UL,  VN,  WG, 
YS,  representing  cooling.  These  curves  are  called  lethality  curves. 

.  Find  size  of  unit  sterilization  area  on  the  lethality  diagram.  By  unit  ster- 
tion  area  is  meant  the  area  which,  if  enclosed  beneath  the  lethality  curves  of 
>cess,  represents  complete  sterilization  when  the  value  of  F  is  1.  The  size  of 
area  depends  upon  the  sizes  of  the  scales  chosen  for  the  lethality  diagram, 
nd  the  size,  choose  arbitrarily,  along  the  vertical  scale,  a  distance  that  is  con- 
mt  to  work  with,  such  as  that  representing  0.02  or  0.04  of  a  unit  along  the 
^e  height  of  the  area.  The  breadth  is  found  by  dividing  the 
rarily  chosen  height  into  1,  which,  by  definition,  represents  the  magnitude 
e  area  in  terms  of  its  rectangular  components,  lethal  rate  and  time. 
r  examPle,  ABC!)  is  unit  sterilization  area  on  lethality  diagram  Fig.  13.3. 
etermine  this  area,  0.04  was  arbitrarily  chosen  as  its  heie-ht, 


(0.04  -  0.00)  (50.0  -  25.0)  =  0.04  X  25.0  =  1.0 


mall  squares  are  not  shown  in  Fig.  13.3. 
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lethality  curves  for  which,  plotted  to  the  scales  used  on  Fig.  13.3,  enclose  1  00 
small  squares. 

12.  With  the  value  of  2  remaining  constant,  the  area  beneath  lethality  curve' 
which  represents  complete  sterilization  varies  directly  as  the  value  of  F.  By  yjj 
tue  of  the  vertical  scale  unit  value  F/t  (which  is  F  times  the  lethal  rate)  thl 
area  of  the  lethality  curve  on  Fig.  13.3  is  F  times  the  true  lethal  value  of  thl 
process.  Therefore,  the  area,  to  represent  complete  sterilization,  must  equal 
instead  of  unity.  Therefore,  since,  in  our  problem,  F  =  12  min,  the  lethalit 
curves  that  represent  the  calculated  process  must  enclose  an  area  twelve  time 
as  great  as  the  unit  sterilization  area,  or  12,000  small  squares. 

13.  Get  areas  beneath  lethality  curves,  representing  the  heating  and  coolin' 
curves  combined,  for  each  given  position  of  cooling  curve  (U,  20  min;  V,  40  min 
IF,  80  min;  and  Y,  140  min)  either  by  counting  squares  or  by  means  of  a  planim 
eter.  These  areas,  in  terms  of  squares  and  of  sterilization  units,  and  their  inter 
pretation,  in  terms  of  per  cent  sterilization,  are  given  in  Table  13.3.  By  pe 
cent  sterilization  is  meant  the  percentage  of  the  amount  of  lethal  heat  necessar 
to  sterilize,  which  has  been  effective  at  the  center  of  the  can. 


Table  13.3.  Areas  beneath  Lethality  Curves  (Heating  and  Cooling 
Combined)  and  Their  Interpretation  in.  Terms  of  Sterilization 


Designation  of 
area  on  lethality 
curve,  Fig.  13.3 

Time  on  lethality 
heating  curve 
to  which  the  area 
corresponds, 

Area  in 
small 
squares 

Area  in  sterilization  units 
[equal  to  area  in  small 
squares  (col.  3)  divided 
by  number  of  small 
squares  in  F  times 

Per  cent 
steriliza¬ 
tion 

min 

sterilization  unit  area] 

JULJ 

20 

342 

0.0285  (  =  12;OUo) 

2.85 

JUVNJ 

40 

3,834 

0.3196  —  12  000) 

31.96 

JUVWQJ 

80 

11,932 

_  /  11,932\ 

0.9952  12  000) 

99.52 

JUVWY  SJ 

140 

27,953 

„  /  27,953\ 

2 . 3260  ^  —  12>(J00j 

232.60 

14.  Plot  a  curve— per  cent  sterilization  against  time  using  data  given 
second  and  fifth  columns  of  Table  13.3.  See  curve  EF,  Fig.  13.3.  The 
section  of  this  curve  with  the  horizontal  line  representing  100  per  cent  (pm  X 
on  curve  EF)  marks  the  length  of  time  the  process  must  go  to 
tion  during  the  two  operations  of  heating  and  cooling,  fins  is  80.3  min. 
corresponding  point  on  lethality  curve  JUVWY,  also,  is  marked  ...  I 

Note  C:  If  it  is  desired  to  exclude  from  consideration  the  stcnhsing  elfwdo^i 

cooling  period  and  obtain  the  percentage  of  lethal  heat 1  "'t  “  ' '  curve  on 

any  moment  during  the  heating,  the  areas  beneath  tin letha  ,ty  heat ling  ^ 
are  obtained  up  to  four  different  points  along  this  curve.  For  tins 
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lime  the  same  points  as  those  previously  considered  (from  which  the  cooling  curves 
drawn).  Steps  13  and  14  above  are  replaced  by  the  following  2  steps: 

3a.  Form  Table  13.4  following  plan  of  Table  13.3: 


rABLE  13.4.  Areas  beneath  Lethality  Heating  Curve  Only  and  Their 
Interpretation  in  Terms  of  Sterilization 


Time  on  lethality 
heating  curve 
to  which  the  area 
corresponds, 
min 

Area  in  sterilization  units 

esignation  of 
a  on  lethality 
we,  Fig.  13.3 

Area  in 
small 
squares 

[equal  to  area  in  small 
squares  (col.  3)  divided 
by  number  of  small 
squares  in  F  times 
sterilization  unit  area] 

Per  cent 
steriliza¬ 
tion 

UKJ 

20 

279 

0  023:1  (  ^  12270«,) 

2.33 

UVMJ 

40 

2,690 

°  2241  (  "  1260m) 

22.41 

UVWPJ 

80 

10.224 

•■*«(- 3® 

85.41 

UVWYRJ 

140 

25 , 600 

213.55 

la.  Plot  a  curve  per  cent  sterilization  against  time — using  data  given  in  the 
nd  and  fifth  columns  of  Table  13.4.  This  is  curve  EG  on  Fig.  13.3.  The 
[■section  of  this  curve  with  the  horizontal  line  representing  100  per  cent  (point 
i  on  curve  EG)  marks  the  length  of  time  the  process  must  go  to  complete  ster- 
ti°n  clurmS  the  heating  period  only— without  considering  the  sterilizing  effect 

16  n^sr^.  ThiS  iS  88'3  min-  The  ^responding  point  on  lethality 
e  JUVWY,  also,  is  marked  XXh. 


The  reaS°n  [or  the  raPid  seParation  of  curves  EF  and  EG  just  to  the  right 
20-min  point  is  that  cooling  curves  which  have  their  origin  after  20  min  (xbh)  are 

tiwse  that  start 

Problem  21 

Wot  Process-  Calculation  of  a  divided  process  equivalent  to  a  given 
p  S  at  dlfferent  retort  temperatures  and  different  initial  temperature 

There  is  a  break  in  the  heating  curve  (slope  changes  from/,,  to/,). 

lt:lproZcc  rhe  tmrdl'ih“:h  ,is  r,u:va"nt  to  that  f°und »  20  ,or 

;cd  4",  the  heating  curve  for  twuTOTohl^T^i?10  .“U"al  temperature  are  all 
ithmic  paper  (curve  XX  and  XXI  Fig  13  2)  wh^n  plotted  on  sei«i- 

ver,  the  curves  are  different  (curves’ XX  and  XXI  Fi^LM)  C°°rdmate  paper- 
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Specifications 

(1)  Product .  W 

(2)  Size  of  can .  No.  10 

(3)  Slope  of  thermal  death  time  curve .  z  —  18° 

(4)  First  retort  temperature .  RTy  =  246° 

(5)  Second  retort  temperature .  RTi  =  238° 

(6)  Number  of  minutes  retort  held  at  first  retort 

temperature .  x6  =  32  min 

(7)  Number  of  minutes  between  beginning  of  proc¬ 
ess  and  break  in  heating  curve .  xbh  =  20  min 

(8)  Slope  of  heating  curve  before  break . /*i  =27  min 

(9)  Slope  of  heating  curve  after  break . /•>  =  120  min 

(10)  Initial  temperature . .  IT  =  156° 

(11)  Cooling  water  temperature .  CW  =  70° 

(12)  j  =  1.08 

(13)  Process  necessary  for  sterilization  at  other 

retort  and  initial  temperatures .  Bbo  =  80.3  min  with  IT  =  160 

and  Rl\a  =  250°,  held  fol 
32(Xb)  min,  then  lowered  t< 
RT2a  =  242° 

Find  process  Bu  necessary  for  sterilization  with  246  to  238  retort  tempera 
tures  and  156°  initial  temperature. 

Solution 

1.  It  is  assumed  that  the  heating  and  cooling  curves  for  the  temperature  cod 
ditions  of  both  the  given  process  and  the  process  to  be  calculated  have  been  deter 
mined  experimentally  and  plotted  (see  curves  XX  and  XXI,  Figs.  13.1  and  13.2, 
For  the  given  process,  only  one  cooling  curve  needs  to  be  determined^  Inis  i 
at  the  end  of  the  process  as  given;  in  this  case,  at  80.3  mm  (curve  XX 
13.1).  If  cooling  curves  cannot  be  determined  experimentally  at  other  point 
than  the  final  point  on  the  heating  curve  representing  the  process  to  be  ca  cu 
lated,  approximate  cooling  curves  should  be  constructed  by  reproducing  th 
experimentally  determined  cooling  curve  at  two  or  three  points  along 

ing  curve  after  the  point  of  change  in  its  slope  (see  the  broken-line  cooling 
at  points  V'  and  IF',  Fig.  13.1).  These  points  should  be  distributed  over  t 
which  is  certain  to  include  the  sterilization  point. 

Note  B:  If  a  cooling  curve  is  constructed  so  as  to  start  at  or  before  the  pomt  ofbrea 
in  the  heating  curve  (see  cooling  curve  U'L ',  Fig.  13.1),  it  siou  ®. 

instead  of  that  of  a  cooling  curve  obtained  experimentally  at  a  later  point. 

2.  Construct  a  table  of  seven  columns  (see  Table  13.5,  step >9). 

3.  List  in  columns  1  and  2  a  succession  of  time  values  «rteng 

range  covered  by  the  heating  and  cooling  curves  of  the  P™  '  heatil 

4  Tabulate  in  column  3  the  temperature  of  the  can-taken  from  »  ^ 

and  cooling  curves  of  the  given  process-corresponding  to  each 

in  5°  T*  in  column  4  the  va.ue  250”  minus  can  temperature  (250”  -  * 
for  each  value  of  CT  listed  in  column  3. 
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Tabulate  in  column  5  the  value  250°  minus  can  temperature  divided  by  z — 
^presenting  slope  of  thermal  death  time  curve  (item  3  under  specifications)— 
each  value  of  250°  —  CT  listed  in  column  4. 

Get  values  of  t/F  for  column  6  by  taking  the  antilog  of  the  values  in  col- 
n  5. 


t  ,  ,  /250°  -  CT\ 

F  “  log  \ - i - ) 


.  Place  the  reciprocals  of  t/F  in  column  7. 

.  Table  13.5,  solved  for  the  given  process,  is  as  follows: 

Fable  13.5.  Development  of  Data  Used  in  Plotting  Lethality  Curve 

for  the  Given  Process 


me  on  curves, 
min 


ating 

irve 

5 

7 

) 

) 

) 


Cooling 

curves 


.3 


CT,  °F 


80.3 

82 

85 

90 

95 

100 

105 


187.5 

196.5 

209 . 2 
222.8 

232.3 

234.0 

235.4 

236.5 
237.0 

237.7 

238.4 

239.1 

239.6 

239 . 6 
239 . 25 

236 . 6 

231.8 

223.7 
214.3 

204.2 


250°  -  CT 


62.5 

53.5 

40.8 

27.2 
17.7 

16.0 

14.6 

13.5 
13.0 

12.3 

11.6 

10.9 

10.4 

10.4 
10.75 

13.4 
18.2 
20.3 

35.7 

45.8 


250°  -  CT 


t_ 

F 


3 . 903 
3.342 
2.550 
1.700 
1 . 107 

1.000 

0.914 

0.845 

0.813 

0.770 

0.726 

0.681 

0.650 

0.650 
0.677 
0.838 
1 . 138 
1.643 
2.230 
2.860 


8000 . 00 
2200 . 00 
354 . 50 
50.05 
12.80 

10.00 

8.20 

7.00 

6.50 

5.89 

5.32 

4.80 

4.47 

4.47 
4.65 
6.88 
13 . 73 
43.95 
170.00 
725 . 00 


F 

t 


0.000125 

0.000455 

0.00282 

0.01997 

0.07815 

0.100 

0.122 

0.143 

0.154 

0.170 

0.188 

0.208 

0.224 

0.224 
0.215 
0.1452 
0.0728 
0.02277 
0.00589 
0.00138 


?igl0n  3  cutr/jy  XX  13'5)  agT‘  ‘r  (COlUmnS  1  2-  Tab'e  >3.5). 

8  ’  ve  representing  heating  and  curvp  yy  m 

—  of  the  6ivenZest  rePre' 

ion  area  i  ^ 

-se,  represents  c„mplete  sterilisation  when  the  vie  of  f  t  ^  T^izl 
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of  this  area  depends  upon  the  sizes  of  the  scales  chosen  for  the  lethality  diagram  • 
To  find  the  size,  choose  arbitrarily,  along  the  vertical  scale,  a  distance  that  is 
convenient  to  work  with,  such  as  that  representing  0.02  or  0.04  unit  along  the 
scale.  This  will  be  the  height  of  the  area.  The  breadth  is  found  by  dividing, 
this  arbitrarily  chosen  height  into  1,  which,  by  definition,  represents  the  magni-i 
tude  of  the  area  in  terms  of  its  rectangular  components,  lethal  rate  and  timej 
For  example,  ABCD  is  unit  sterilization  area  on  lethality  diagram,  Fig.  13.3.  Tel 
determine  this  area,  0.04  was  arbitrarily  chosen  as  its  height.  Then  its  breadth- 
was  found  as  the  reciprocal  of  0.04  unit  1.0/0.04,  or  25  units  on  the  horizontal; 
scale.  The  rectangular  area  may  be  laid  off  anywhere  along  either  scale;  thel 
important  point  is  to  make  it  the  proper  height  and  breadth.  The  magnitude: 
of  area  ABCD  may  be  represented  in  terms  of  the  scale  units  to  which  it  is  plotted! 
by  the  expression 


(0.04  -  0.00) (50.0  -  25.0)  =  0.04  X  25.0  =  1.0 


There  are  found  to  be  10  large  squares,  or  1,000  small  squares,*  in  the  unit  ster¬ 
ilization  area. 

12.  Find  the  area  beneath  the  lethality  curves;  10,290  small  squares  beneatf 
the  heating  portion  JUV-XX ;  and  1,710  small  squares  beneath  the  cooling  por¬ 
tion  XX-T,  a  total  area  of  12,000  small  squares. 

IS.  F  equals  area  beneath  lethality  curves  divided  by  unit  sterilization 


12,000 
area  =  Tooo 


12  min 


Note  C ■  Finding  the  value  of  F  in  the  manner  just  shown  simply  locates  the  therraa 
death  time  curve  for  which  the  given  process  (80.3  min  at  retort  temperatures  250  tc 
242°  and  initial  temperature  160°)  is  the  minimum  that  will  accomplish  comple 
sterilization  The  remaining  part  of  the  solution  consists  of  finding  the  time  tha 
wUI  be  necessary  with  retort  temperatures  246  to  238°  and  initial 
give  an  equivalent  process.  This  part  of  the  problem  is  analogous  to  1  roblem  20. 


14.  Form  Table  13.6,  following  plan  of  Table  13  5,  applying  it  to  the  heatm, 
curve  J'U'V'W'Y'  and  the  cooling  curves  U  L  ,VN,WQ,  and  VS,  g- 

of  the  process  to  be  calculated.  .  9  Tihle  13.6) 

15  Plot  F/t  (column  7,  Table  13.6)  against  time  (columns  1  and  2,  Tab # 

See  Fig  13.3:  curve  JU'V’W'Y',  representing  heating  and  curves  lb, 
^  and  Y'S',  representing  cooling.  These  are  the  lethality  curves  of  the  proc 

ess  to  be  calculated.  w+w  -md  coolin 

16.  Get  areas  beneath  lethality  curves  representing  the  hea  g  c 
curves  combined,  for  each  given  position  of  coohng  curve  (C  20  mm  V 

zsss  heat  * 

sterilize  which  has  been  effective  at  the  center  of  the  can. 


Small  squares  are  not  shown  on  Fig.  13.3. 
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Table  13.6.  Development  of  Data  Used  in  Plotting  Lethality  Curves 
for  the  Process  to  be  Calculated 


ime  on  curves, 
min 

CT  °T< 

250°  -  CT 

?ating 

urve 

Cooling 

curves 

i  ,  r 

5 

183 . 5 

66.5 

7 

192.5 

57.5 

10 

205.2 

44.8 

15 

218.8 

31.2 

20 

228.3 

21.7 

20 

228.3 

21.7 

21 

218.4 

31.6 

22 

208 . 0 

42.0 

23 

198.0 

52.0 

24 

188.0 

62.0 

25 

230.0 

20.0 

30 

231.4 

18  6 

35 

232  5 

17.5 

40 

233 . 0 

17.0 

40 

233 . 0 

17.0 

42 

231.8 

18.2 

45 

229 . 6 

20.4 

50 

224 . 6 

25.4 

55 

216.7 

33.3 

60 

206 . 8 

43.2 

65 

196.5 

53.5 

50 

233 . 7 

16.3 

60 

234 . 4 

15.6 

70 

235  1 

14.9 

80 

235 . 6 

14.4 

80 

235.6 

14.4 

82 

234 . 4 

15.6 

85 

232.3 

17.7 

90 

227.3 

22.7 

95 

218.8 

31.2 

100 

209 . 5 

40.5 

105 

198.9 

51  .  1 

JO 

236 . 3 

13.7 

10 

236 . 6 

13.4 

10 

236.8 

13.2 

10 

237.2 

12.8 

140 

237  2 

12.8 

142 

236 . 2 

13.8 

145 

234 . 2 

15.8 

150 

230.0 

20  0 

155 

160 

222.1 

211.8 

27.9 

38  2 

165 

201.5 

48.5 

250°  -  CT 


4.152 
3 . 593 
2.800 
1 . 950 
1  357 

1.357 
1.974 
2.623 
3 . 248 
3 . 874 

1 . 250 
1.162 
1  . 093 
1 . 062 

1.062 
1 . 137 
1.274 
1.587 
2 . 080 
2 . 700 
3.341 

1.019 

0.976 

0.932 

0.901 

0.901 
0 . 976 
1.107 
1.418 

1  950 
2.530 
3.196 

0.857 
0 . 838 
0.826 
0.801 

0.801 

0.863 

0.988 

1.250 

1.743 

2  385 
3 . 028 


F 


14200.00 

3918.00 

630.50 

89.05 

22.76 

22.76 
94.10 
420 . 00 
1770.00 
7477 . 00 

17.78 

14.53 
12  40 

11.54 

11.54 
13.71 
18.80 
38 . 62 
120.30 
501.00 
2195.00 

10.45 

9.46 

8.55 

7.96 

7.96 
9.46 
12.80 
26.20 
89.10 
338.80 
1571 .00 

7.20 
6.87 
6.70 
6 . 33 

6.33 
7.30 
9.72 
17.78 
55 . 35 
242  60 
1067.00 


F 

t 


0 . 0000705 
0.0001556 
0.001585 
0.01122 
0.04397 

0.04397 
0.01062 
0 . 002382 
0 . 000565 
0.0001337 

0 . 05625 
0.0688 
0.0807 
0 . 0866 

0.0866 
0 . 0730 
0 . 0532 
0 . 02587 
0.00831 
0.001995 
0.000456 

0 . 0957 
0.1057 
0.1170 
0.1256 

0.1256 
0.1057 
0.0781 
0.0382 
0.01122 
0 . 00295 
0.000636 

0. 1390 
0.1454 
0.1490 
0.1580 

0. 1580 
0.1371 
0. 1028 
0.05625 
0.01807 
0.00412 
0 . 000937 
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Since  F  =  12  min,  the  lethality  curves  that  represent  the  process  being  cal-t 
culated  must  enclose  an  area  twelve  times  as  great  as  unit  sterilization  area,  or 

12  X  1,000  =  12,000  small  squares 


17.  Plot  a  curve — per  cent  sterilization  against  time — using  data  given  in  the: 
second  and  fifth  columns  of  Table  13.7.  See  curve  EF',  Fig.  13.3.  The  inter¬ 
section  of  this  curve  with  the  horizontal  line  representing  100  per  cent  (point  XXli 
on  curve  EF')  marks  the  length  of  time  the  process  must  go  to  complete  steriliza-: 
tion  during  the  two  operations  of  heating  and  cooling.  This  is  119.5  min.  The 
corresponding  point  on  lethality  curve  JU'V'W'Y',  also,  is  marked  XXI.  (See, 
also,  curve  XXI,  Fig.  13.1.) 


Table  13.7.  Areas  beneath  Lethality  Curves  (Heating  and  Cooling 
Combined)  and  Their  Interpretation  in  Terms  of  Sterilization 


Designation  of 
area  on  lethality 
curve,  Fig.  13.3 

Time  on  lethality 
heating  curve 
to  which  the  area 
corresponds, 

Area  in 
small 
squares 

Area  in  sterilization  units 
[equal  to  area  in  small 
squares  (col.  3)  divided 
by  number  of  small 
squares  in  F  times 

Per  cent 
steriliza¬ 
tion 

min 

sterilization  unit  area] 

JU'L'J 

20 

190 

0.0158  (-  12  000) 

1.58 

JU'V'N'J 

40 

2,163 

,nnn  /  2,163  \ 

0.1803  (  -  12;ooo) 

18.03 

JU'V'W'Q'J 

80 

6,677 

0  5555  (-  12)ooo) 

55.55 

JU'V'W'Y' S' J 

140 

15,667 

1  3050  (-  12,000/ 

130.50 

_ 

Note  D:  If  it  is  desired  to  exclude  from  consideration  the  sterilizing  effet  t  of  the 
cooling  period  and  obtain  the  percentage  of  lethal  heat  effective  at  center  0 
any  moment  during  the  heating,  the  areas  beneath  the  lethality  heating  »  j 

are  obtained  up  to  four  different  points  along  this  curve  For  th's  solutl™'  ,.urv„ 
assume  the  same  points  as  those  previously  considered  (from  which  the  cooling 
are  drawn).  Steps  10  and  17,  above,  are  replaced  by  the  following  two  steps. 


16a.  Form  Table  13.8,  following  plan  of  Table  13.7.  tJl, 

17a.  Plot  a  curve-per  cent  sterilization  against  time-using  data  g 
second  and  fifth  columns  of  Table  13.8.  This  ,s  curve  EG  or .  Bg. 
intersection  of  this  curve  with  the  horizontal  line  represent* :  100  per  J 
XXI/t  on  curve  EG')  marks  the  length  o  time  the  process  ,g  h*  sterilizin| 
sterilization  during  the  heating  period  point  o. 

effect  of  the  cooling  period.  I  lus  is  120 >.* -mm. 
lethality  curve  JU’V'W’Y,  also,  is  marked  XXI h. 
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Table  13.8.  Areas  beneath  Lethality  Heating  Curve  Only  and  Their 
Interpretation  in  Terms  of  Sterilization 


esignation  of 
>a  on  lethality 
rve,  Fig.  13.3 

Time  on  lethality 
heating  curve 
to  which  the  area 
corresponds, 
min 

Area  in 
small 
squares 

Area  in  sterilization  units 
[equal  to  area  in  small 
squares  (col.  3)  divided 
by  number  of  small 
squares  in  F  times 
sterilization  unit  area] 

Per  cent 
steriliza¬ 
tion 

U'KJ 

20 

159 

0.0132 

(  159  ^ 
12,000; 

1.32 

J'V'MJ 

40 

1,518 

0. 1265 

/  l,bl8  > 

^  12,000yi 

12.65 

U'V'W'PJ 

80 

5,706 

0 . 4800  i 

(  5,766  N 

12, 000 ) 

48.00 

J'V'W'Y'RJ 

140 

14,388 

1 . 1990  1 

(  14,388^ 

12,000^ 

119.90 

SUMMARY 

he  mathematics  of  Chap.  13  shows  the  development  of  the  working 
lations  of  the  formula  method  of  process  evaluation  which  has  been  in 
since  1928.  Thus,  we  have  seen  the  mathematical  evolution  of  these 
’ulation  procedures  from  the  basic  considerations  of  lethal  effects  upon 
derial  spores  in  Chap.  4  and  of  transmission  of  heat  into  the  contents 
lontainers  in  Chaps.  5  to  9,  through  the  development  of  the  rudiments 
vorking  equations  in  Chaps.  11  and  12,  to  actual  working  equations, 
he  application  of  these  equations  is  found  in  MSTPCF  in  a  series  of 
blem  demonstrations,  the  scope  of  which  is  shown  in  a  list  of  the 
blem  captions  in  this  chapter.  The  procedure  manipulations  of  these 
blems  are  not  reproduced  herein  because  similar  demonstrations  of 
blem  solutions  by  a  new  formula  method  will  be  presented  in  Chap  14 
3  new  method  uses  a  generalized  form  of  the  working  equations  pro- 
ed  in  Chap.  13.  The  new  method  is  preferred  over  the  old  because  it 
•roaches  the  general  method  in  breadth  of  application  but  retains  the 
e  of  the  formula  method  and  is  at  least  as  easy  to  manipulate  as  the 


OT  /VUJUL5 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
ich  can  attains  temperature  g'  deg  below  retort  temperature  (RT) 

°f  letHal  ''r1  TGSSary  t0  Sterilize  which  ^  effective  at  center 
during  combined  heating  and  cooling  portions  of  a  process  in 
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which  can  attains  temperature  0.1°  below  retort  temperature  (Rf} 
when  process  (heating  and  cooling  portions  combined)  is  either  less 
than  or  more  than  sufficient  to  sterilize  food  in  cans. 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  g<0l  deg  below  retort  temperature  (RT) 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  g[  deg  below  first  retort  temperature 
(RTJ. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  g„  deg  below  second  retort  temperature 
(RTi). 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a 
process  in  which  can  attained  temperature  g i  or  g.2  deg  below  second 
retort  temperature  {RTi),  if  process  were  a  simple  process  of  retort 
temperature  RTi. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a 
process  in  which  can  attains  temperature  0.1°  below  second  retort 
temperature  (RTi),  if  process  were  a  simple  process  of  retort  temper¬ 
ature  RTi- 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  3^2  <0.1  def?  below  second  retort  temper¬ 
ature  (RTi). 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective 
at  center  of  can  during  combined  heating  and  cooling  portions  of  » 
process  in  which  can  attained  temperature  <72  <0.1  or  <72<0.i  deg  below 
second  retort  temperature  (RTi),  if  process  were  a  simple  process  of 
retort  temperature  (RTi). 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  gbl  deg  below  first  retort  temper¬ 
ature  (RT\). 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  eflfectne 
at  center  of  can  during  combined  heating  and  cooling  portions ;  c » 
process  in  which  can  attained  temperature  gbi  or  gb2  deg  below  sc 
retort  temperature  (RTi),  if  process  were  a  simple  process  of  re 


smperature  RTi.  ' 

faction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  cen 
f  can  during  combined  heating  and  cooling  portions  of  a  proce 
ffiich  can  attains  temperature  gbh  deg  below  retort  tempera  u 
fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  eec^  ^ 
t  center  of  can  during  combined  heating  and  cooling  P  retort 
,rocess  in  which  can’  attained  temperature  g,,h  or  gbh  deg  be 
emperature  (RT),  if  slope  of  heating  curve  were/*. 
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Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  up  to  time  can  attains  temperature  g  deg  below  retort  temper¬ 
ature  ( RT ).  By  definition,  Ac  =  p. 

(  =  p'A')  Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective 
at  center  of  can  up  to  time  can  attains  temperature  g'  deg  below  retort 
temperature  (RT). 

( =  po. l-do  j)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is 
effective  at  center  of  can  up  to  time  can  attains  temperature  0.1°  below 
retort  temperature  (RT)  when  process  (heating  and  cooling  combined) 
is  either  less  than  or  more  than  sufficient  to  sterilize  food  in  cans. 

(=  Po.id.<01)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is 
effective  at  center  of  can  up  to  time  can  attains  temperature  g'<0A  deg 
below  retort  temperature  (RT). 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  up  to  time  can  attains  temperature  g'2  deg  below  second  retort 
temperature  (RT2). 

(=  p2A 2 )  h faction  of  lethal  heat  necessary  to  sterilize  which  would  be 
effective  at  center  of  can  up  to  time  can  attained  temperature  g2  or 
g’2  deg  below  second  retort  temperature  (RT2),  if  process  were  a  simple 
process  of  retort  temperature  RT2. 

( =  Pi  o.\A2  0.i)  Fraction  of  lethal  heat  necessary  to  sterilize  which 
would  be  effective  at  center  of  can  up  to  time  can  attained  temperature 
°1°  below  finaI  retort  temperature  (RT2),  if  process  were  a  simple 
process  of  retort  temperature  RT2. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  up  to  time  can  attains  temperature  g'.,  <0  ,  deg  below  final  retort 
temperature  (RT2). 

(  =  pb2Abl)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effec¬ 
tive  at  center  of  can  up  to  time  can  attains  temperature  g'  deg  below 
first  retort  temperature  (Rl\). 

(-  Pb-Abi)  Fraction  of  lethal  heat  necessary  to  sterilize  which  would 
/  ®ffectiye  at  center  of  can  up  to  the  time  can  attained  temperature 
gb2  deg  below  second  retort  temperature  (RT2),  if  process  were  a  simple 
process  of  retort  temperature  R  T2.  H 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 

atuT^r  ghh  deg  below  retort  temper- 

(  -  PbhAbh)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effec- 

retort  tempelture^)'0  ^  °“  topenrtu~  ^  deg  below 

<  ~  PbhAbh2)  Fraction  of  lethal  heat  necessary  to  sterilize  which  would 
e  effective  at  center  of  can  up  to  time  can  attained  temperature  q'  dee 
below  retort  temperature  (RT)  if  slnnp  <.•  ®bh  (le^ 

and  equal  to  /,  P  °f  heatmg  Curve  were  constant 

Fraction  of  lethal  heat  necessary  to  sterilize  wWv.  •  «• 

of  can  up  to  time  can  attains  tempe  '  at  Center 

ature  (RT).  ture  deS  below  retort  temper- 

<-  Fraction  of  lethal  heat  necessary  to  sterilise  which  wouid 
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be  effective  at  center  of  can  up  to  time  can  attained  temperature  ghi0  , 
g'h2  deg  below  retort  temperature  {RT),  if  slope  of  heating  curve  were  i 
constant  and  equal  to  fi. 

(=  Phi  o.iAh2  0  A)  Fraction  of  lethal  heat  necessary  to  sterilize  which! 
would  be  effective  at  center  of  can  up  to  time  can  attained  temper¬ 
ature  0.1°  below  retort  temperature  (RT),  if  slope  of  heating  curve 
were  constant  and  equal  to  /2. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  up  to  time  can  attains  temperature  g’h2  <0 1  deg  below  retort 1 
temperature  (RT). 

(=  Phi  o.iA'h\  <0  l)  Fraction  of  lethal  heat  necessary  to  sterilize  which  I 
would  be  effective  at  center  of  can  up  to  time  can  attains  temper¬ 
ature  gh 2  <o.i  or  gh2  <0  ,  deg  below  retort  temperature  (RT),  if  slope  of 
heating  curve  were  constant  and  equal  to  /2. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in  i 
which  can  attains  temperature  g'h2  deg  below  retort  temperature  (RT). 
Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a 
process  in  which  can  attained  temperature  </*2  or  gh2  deg  below  retort 
temperature  (RT),  if  slope  of  heating  curve  were  constant  and  equal 
to  fi. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  0.1°  below  retort  temperature  (RT), 
when  process  (heating  and  cooling  portions  combined)  is  either  less 
than  or  more  than  sufficient  to  sterilize  food  in  cans. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a 
process  in  which  can  attained  temperature  0.1°  below  retort  temper¬ 
ature  (RT),  if  slope  of  heating  curve  were  constant  and  equal  to  ft. 
Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  m 
which  can  attains  temperature  g'h2<0A  deg  below  retort  temperature 
(RT). 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a  I 
process  in  which  can  attained  temperature  ghi  <o.i  or  gh2  <01  deg  be  ow  i 
retort  temperature  (RT)  if  slope  of  heating  curve  were  constant  and 

equal  to  fi. 

Subscript  used  with  symbols  when  they  refer  to  a  given  process,  an  i 
equivalent  of  which  is  being  calculated. 

( =  fhB'k')  Number  of  minutes  that  would  be  required  for  temperature 
at  center  of  can  to  rise  from  /  deg  below  retort  temperature  (RV 
0.1°  below  retort  temperature  (RT).  1? 

( =  fhBk  <o.i)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  0.1°  below  retort  temperature 
to  (/< o.i  deg  below  retort  temperature  (R'l ). 

(  =  /X  <0.i)  Number  of  minutes  that,  would  be  required  for  temp  ' 
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ature  at  center  of  can  to  rise  from  0.1°  below  retort  temperature  (RT) 
to  g'<0 A  deg  below  retort  temperature  (ItT). 

(=  fhBki  <o.  i)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  0.1°  below  final  retort  temperature 
(RT2)  to  <72  <o.i  deg  below  final  retort  temperature  (RT2). 


(=  fhBfc2  <o. i)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  0.1°  below  final  retort  temperature 
( RT2 )  to  <72<0.i  deg  below  final  retort  temperature  ( RT2 ). 

(=  fhBkB )  Length  of  process  in  minutes.  By  definition,  Bu  =  x. 


(=  fhB'kb2)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  g'b2  deg  below  final  retort  temper¬ 
ature  ( RTi )  to  0.1°  below  final  retort  temperature  (RT2). 


(  —  f*Bkbh)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  g'bh  deg  below  retort  temperature 
(RT)  to  0.1°  below  retort  temperature  (RT). 

(=  f2Bkh2  <o. i)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  0.1°  below  retort  temperature  to 
gh •>  <0.1  deg  below  retort  temperature  (RT). 

(=  f^Bkh2  <o.  i)  Number  of  minutes  that  would  be  required  for  temper¬ 
ature  at  center  of  can  to  rise  from  0.1°  below  retort  temperature  to 
gk2  <o. i  deg  below  retort  temperature  (RT). 

Length  of  process  if  value  of  /A  were  1. 

Number  of  minutes  that  would  be  required  for  temperature  at  center 
of  can  to  rise  from  g'h2  deg  below  final  retort  temperature  (RT2)  to 
0.1°  below  final  retort  temperature  (RT2),  when  /*  =  1. 

Number  of  minutes  that  would  be  required  for  temperature  at  center 
of  can  to  rise  from  gbh  deg  below  retort  temperature  (RT)  to  0  1°  below 
retort  temperature  (RT),  when  f2  =  1. 


Number  of  minutes  that  would  be  required  for  temperature  at  center 
of  can  to  rise  from  0.1°  below  retort  temperature  to  g'h2  <0 .  deg  below 
retort  temperature  (RT),  when  f2  =  1 .  <<U  * 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 

whinT  C°mbined  heating  and  cooling  Portions  of  a  process  in 

which  can  attains  temperature  g'  deg  below  retort  temperature  (RT) 
assuming  conditions  fh  =  1  and  V  —  1. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 

assiuning^omHUons^^'l^and  ‘J'  ’  °  -1°"'  temperatUre  <RT>' 

rr  t: 

cooh^^por tions' combined / beftherTess  tha^o 

to  sterilize  food  in  cans.  m°re  than  sufficient 
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process  in  which  can  attained  temperature  g2  or  g2  deg  below  finan 
retort  temperature  (RT2),  if  t2  or  4  =  1  and  process  were  a  simple* 
process  of  retort  temperature  RT2,  with//,  =  1. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective1 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a 
process  in  which  can  attained  temperature  0.1°  below  final  retort- 
temperature  (RT2),  if  1 2o.i  or  Z2  0  i  =  1  and  process  were  a  simple* 
process  of  retort  temperature  Rl\,  with//,  =  1. 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  gbl  deg  below  first  retort  temperature 
( RTx ),  assuming  conditions  tbl  =  1  and//,  =  1. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effective" 
at  center  of  can  during  combined  heating  and  cooling  portions  of  a 
process  in  which  can  attained  temperature  g'b2  deg  below  final  retort' 
temperature  (RT2)  if  tb2  =  1  and  process  were  a  simple  process  of 
retort  temperature  RT2,  with /a  =  1. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  gi,h  deg  below  retort  temperature  (RT), 
assuming  conditions  tbh  =  1  and  slope  of  heating  curve  equals  1. 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  g'bh  deg  below  retort  temperature  (RT), 
assuming  conditions  tbh  =  1  and  slope  of  heating  curve  equals  1. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  ghi  or  gh2  deg  below  retort  temperature 
(RT),  assuming  conditions  th2  =  1  or  t'h2  =  1  and  slope  of  heating 
curve  is  constant  and  equal  to  1. 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  center 
of  can  during  combined  heating  and  cooling  portions  of  a  process  in 
which  can  attains  temperature  0.1°  below  retort  temperature  (HI), 
assuming  the  conditions  0,2  o.i  (  =  0>2  o.i)  =  1  anc^  sl°Pe 
curve  is  constant  and  equal  to  1. 


of  heating 


Temperature  at  critical  point  in  container. 


Temperature  of  cooling  water. 

Number  of  minutes  required  to  destroy  organism  at  250  .  1 

(=  Ux/F)  Number  of  minutes  required  to  destroy  organism  at 

retort  temperature  ( RTx ),  when  F  =  1-  , 

(=  Ui/F)  Number  of  minutes  required  to  destroy  organism  a 

retort  temperature  ( RT* ),  when  F  =  1.  .  ;re(] 

The  “order”  of  a  process,  representing  number  of  mmmes^  ^ 
to  destroy  organism  at  250°  when  2  (of  rea  01  as*u  0f  which 

time  curve)  equals  18°.  F0  serves  as  a  sfandard  by  m  «  ^ 
sterilizing  values  of  different  processes  may  U *  compa ^  gives 

of  order,  10,”  for  instance,  is  a  process  whic  ,  ^  death 

100  per  cent  sterilization  when  calculated  on  basis  o 
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time  curve  passing  through  point,  10  min,  250°,  and  having  a  slope,  z, 
of  18°. 

( =  fh/V)  Pseudo  slope  of  a  heating  curve  in  a  divided  process. 
Represents  slope  of  heating  curve. 

Represents  slope  of  heating  curve  before  point  of  break  in  curve. 
Represents  slope  of  heating  curve  after  point  of  break  in  curve. 

( —  fi/Vk)  Pseudo  slope  of  a  heating  curve  that  has  a  break. 

Difference  in  degrees  between  retort  temperature  (RT)  and  maximum 
temperature  that  must  be  attained  at  center  of  can  to  accomplish 
sterilization  during  combined  heating  and  cooling  portions  of  process 
when  difference  between  this  temperature  and  retort  temperature  (RT) 
is  not  less  than  0.1°. 


Difference  in  degrees  between  retort  temperature  (RT)  and  temper¬ 
ature  at  center  of  can  at  any  arbitrarily  chosen  instant  when  difference 
between  this  temperature  and  retort  temperature  (RT)  is  not  less  than 
0.1°  and  when  process  (heating  and  cooling  portions  combined),  with 
steam  turned  off  and  water  cooling  begun  at  given  instant,  is  either 
greater  than  or  less  than  sufficient  to  sterilize  food  in  cans. 

Difference  in  degrees  between  retort  temperature  (RT)  and  temper¬ 
ature  at  center  of  can  at  any  arbitrarily  chosen  instant  when  difference 
between  this  temperature  and  retort  temperature  (RT)  is  less  than 
0.1  and  when  process  (heating  and  cooling  portions  combined),  with 
steam  turned  off  and  water  cooling  begun  at  given  instant,  is  either 
greater  than  or  less  than  sufficient  to  sterilize  food  in  cans. 

Difference  in  degrees  between  first  retort  temperature  (RI\)  and 
temperature  at  center  of  can  at  any  arbitrarily  chosen  instant  before 
change  in  retort  temperature  when  process  (heating  and  cooling  por¬ 
tions  combined),  with  steam  turned  off  and  water  cooling  begun  at 

given  instant,  is  either  less  than  or  more  than  sufficient  to  sterilize 
food  in  cans. 


Difference  in  degrees  between  final  retort  temperature  (RT2)  and 
maximum  temperature  that  must  be  attained  at  center  of  can  to 
accomplish  sterilization  during  combined  heating  and  cooling  portions 

of  process  when  this  temperature  is  reached  after  point  of  change  in 
retort  temperature. 

Difference  in  degrees  between  final  retort  temperature  (RT2)  and 
emperature  at  center  of  can  at  any  arbitrarily  chosen  instant  after 
hange  m  retort  temperature  when  process  (heating  and  cooling  por 
bons  combined),  with  steam  turned  off  and  water  cooling  begun  at 

“  Glther  lGSS  than  °r  m°re  than  efficient  ^o  sterilize 

Difference  in  degrees  between  final  retort  temperature  (RT  )  flnH 
maximum  temperature  that  must  be  attained  It  TZ  / 

™  7  rons 

temperature  (RT2)  is  less  than  0.1°.  d  finaI  retort 

Difference  in  degrees  between  final  retort  temperature  (RT  \  i 
temperature  at  center  of  ea„  a,  any  arbitrarily  “naSw^ 
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difference  between  this  temperature  and  final  retort  temperature  (RT2) 
is  less  than  0.1°  and  when  process  (heating  and  cooling  portions  com-  i 
bined),  with  steam  turned  off  and  water  cooling  begun  at  the  given 
instant,  is  either  less  than  or  more  than  sufficient  to  sterilize  food  in 
cans. 

Difference  in  degrees  between  first  retort  temperature  (RTi)  and 
temperature  at  center  of  can  at  instant  of  change  in  retort  temperature  i 
when  process  (heating  and  cooling  portions  combined),  if  steam  were* 
turned  off  and  water  cooling  begun  at  the  instant  of  change  in  retort  ' 
temperature,  would  be  either  less  than  or  more  than  sufficient  to 
sterilize  food  in  cans. 


Difference  in  degrees  between  final  retort  temperature  (RT2)  and  ■ 
temperature  at  center  of  can  at  instant  of  change  in  retort  temperature  • 
when  process  (heating  and  cooling  portions  combined),  if  steam  were  ■ 
turned  off  and  water  cooling  begun  at  the  instant  of  change  in  retort  • 
temperature,  would  be  just  sufficient  to  sterilize  food  in  cans. 
Difference  in  degrees  between  final  retort  temperature  (RTt)  and 
temperature  at  center  of  can  at  instant  of  change  in  retort  temperature 
when  process  (heating  and  cooling  portions  combined),  if  steam  were 
turned  off  and  water  cooling  begun  at  instant  of  change  in  retort 
temperature,  would  be  either  less  than  or  more  than  sufficient  to 
sterilize  food  in  cans. 


Difference  in  degrees  between  retort  temperature  ( RT )  and  temper¬ 
ature  at  center  of  can  at  instant  of  break  in  heating  curve  when  process 
(heating  and  cooling  portions  combined),  if  steam  were  turned  off  and 
water  cooling  begun  at  the  instant  of  break  in  heating  curve,  would 
be  just  sufficient  to  sterilize  food  in  cans. 

Difference  in  degrees  between  retort  temperature  (RT)  and  temper¬ 
ature  at  center  of  can  at  instant  of  break  in  heating  curve  when  process 
(heating  and  cooling  portions  combined),  if  steam  were  turned  off  and 
water  cooling  begun  at  instant  of  break  in  heating  curve,  would  be 
either  less  than  or  more  than  sufficient  to  sterilize  food  in  cans. 
Difference  in  degrees  between  retort  temperature  (RT)  and  maximum 
temperature  center  of  can  would  reach  in  a  process  which  (heating 
and  cooling  portions  combined)  would  be  just  sufficient  to  sterilize 
food  in  cans,  if  heating  curve  did  not  break  but  had  a  constant  slope 
(/m);  when  this  difference  is  greater  than  0.1°. 

Difference  in  degrees  between  retort  temperature  (RT)  and  maximum 
temperature  center  of  can  would  reach  in  a  process  which  (heati  g 
and  cooling  portions  combined),  with  steam  turned  off  and  war 
cooling  begun  at  the  given  instant,  would  be  either  greater  m 
less  than  sufficient  to  sterilize  food  in  cans,  if  heatmg  curve  d 
break  but  had  a  constant  slope  (/*,);  when  this  difference  is  less  than 

Difference  in  degrees  between  250°  and  temperature  at  center  of  can 
at  any  arbitrarily  chosen  instant  during  process. 

Difference  in  degrees  between  retort  temperature  (RT)  and  ™*^pligh 
temperature  that  must  be  attained  at  center  of  can  to  ac  P 
sterilization  during  combined  heating  and  cooling  por  io 
when  this  temperature  is  reached  after  break  in  heating  c 
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Difference  in  degrees  between  retort  temperature  (RT)  and  temper¬ 
ature  at  center  of  can  at  any  arbitrarily  chosen  instant  after  break  in 
heating  curve  when  process  (heating  and  cooling  portions  combined), 
with  steam  turned  off  and  water  cooling  begun  at  given  instant,  is 
either  less  than  or  more  than  sufficient  to  sterilize  food  in  cans. 

Difference  in  degrees  between  retort  temperature  (RT)  and  maximum 
temperature  that  must  be  attained  at  center  of  can  to  accomplish 
sterilization  during  combined  heating  and  cooling  portions  of  process 
when  difference  between  this  temperature  and  retort  temperature  (RT) 
is  less  than  0.1°. 


Difference  in  degrees  between  retort  temperature  (RT)  and  temper¬ 
ature  at  center  of  can  at  any  arbitrarily  chosen  instant  when  difference 
between  this  temperature  and  retort  temperature  (RT)  is  less  than 
0.1°  and  when  process  (heating  and  cooling  portions  combined),  with 
steam  turned  off  and  water  cooling  begun  at  given  instant,  is  either 
less  than  or  more  than  sufficient  to  sterilize  food  in  cans. 


Number  of  minutes  required  to  complete  a  process  after  temperature 
at  center  of  can  reaches  0.1°  below  retort  temperature  (RT).  By 
definition  h  =  B<0 

Number  of  minutes  required  to  complete  a  process  after  temperature 
at  center  of  can  reaches  0.1°  below  final  retort  temperature  (RT2). 
By  definition,  hb  =  B2  <0 

Number  of  minutes  required  to  complete  a  process  after  temperature 
at  center  of  can  reaches  0.1°  below  retort  temperature  (RT)  Bv 
definition,  hh  =  Bh,  <0 ,. 

Difference  in  degrees  between  retort  temperature  (RT)  and  initial 
temperature  (IT). 

Difference  in  degrees  between  first  retort  temperature  (RT,)  and 
initial  temperature  (IT). 

Initial  temperature  of  can. 

Wl;i?'  WhCn  mu“iP‘iod  b.v  /„  designates  point  of 
ersection  of  vertical  line  representing  beginning  of  a  process  with 

extension  of  straight  portion  of  the  semilog  heating  curve  when  no 
time  is  consumed  in  bringing  retort  to  processing  temperature  j  has 

PiLdbrz:nwith  reference  to  c°°iing  curve  when  *  - 

Difference  in  degrees  between  retort  temneraturp  (RT\  a  .. 
water  temperature  (CW).  temperature  (RT)  and  cooling 

Difference  in  degrees  between  first  retort  temperature  (RT  )  »  t 
cooling  water  temperature  (CW).  P  \  'I ,)  and 

Difference  in  degrees  between  final  retort  temperature  (RT  \  a 
cooling  water  temperature  (CW).  mperature  (RT2)  and 

„Tbi„~y  ,o  r'r which  is  « 

m  which  “t‘ai„s  temperature  deg^eloTretont"  ^  °f  ” 
Percentage  of  lethal  h,.„,  ,  temperature  (RT). 

lethal  heat  necessary  to  sterilise  which  is  effective  at 
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K 


p' 

ri  <0.1 


K 

p' 

rc  <0.1 


P' 


d 


P 


ci  <0.1 


P 


n 

chi 


P' 


chi  <0.1 


P 


// 

hi 


hi  <0.1 


RT 

RTi 

RTi 

p 


center  of  can  during  combined  heating  and  cooling  portions  of  a  procet- 
in  which  can  attains  temperature  g'<0  l  deg  below  retort  temperatui 


(RT). 


Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effective  c 
center  of  can  during  combined  heating  and  cooling  portions  of  a  procet 
in  which  can  attains  temperature  g2  deg  below  final  retort  temper 
ature  (R'l\). 

Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effective  a 
center  of  can  during  combined  heating  and  cooling  portions  of  a  procer 
in  which  can  attains  temperature  g2  <0A  deg  below  final  retort  tempe 
ature  (RT2). 

( =  p'P ')  Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effe^ 
tive  at  center  of  can  up  to  time  can  attains  temperature  g’  deg  beloj 
retort  temperature  (RT). 

(=  po.iP<o.i)  Percentage  of  lethal  heat  necessary  to  sterilize  which 
effective  at  center  of  can  up  to  time  can  attains  temperature  g<0 1  de 
below  retort  temperature  (RT). 

Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effective  i 
center  of  can  up  to  time  can  attains  temperature  g2  deg  below  fini 
retort  temperature  (RT 2). 

Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effective  ; 
center  of  can  up  to  time  can  attains  temperature  g2  <0.1  deg  belo 
final  retort  temperature  (RTi). 

(=  paoP")  Percentage  of  lethal  heat  necessary  to  sterilize  which  worn 
be  effective  at  center  of  can  up  to  time  can  attained  temperatui 
Ohi  or  g'h2  deg  below  retort  temperature  (RT)  if  slope  of  heating  cun 
were  constant  and  equal  to  fi. 

Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effective  a* 
center  of  can  up  to  time  can  attains  temperature  gh2  <0A  deg  belo: 
retort  temperature  (RT). 

Percentage  of  lethal  heat  necessary  to  sterilize  which  would  be  effe: 
tive  at  center  of  can  during  combined  heating  and  cooling  portioi. 
of  a  process  in  which  can  attained  temperature  ghi  or  gh2  deg  belo: 
retort  temperature  (RT)  if  slope  of  heating  curve  were  constant  an 

equal  to  fi. 

Percentage  of  lethal  heat  necessary  to  sterilize  which  is  effective  ; 
center  of  can  during  combined  heating  and  cooling  portions  of  a  proce. 
in  which  can  attains  temperature  g’h2  <0. 1  deg  below  retort  tempo 

ature  (RT). 


Retort  temperature. 

First  retort  temperature. 

Second  retort  temperature. 

Fraction  of  total  lethal  value  of  a  process  which  is  represent^ 
heating  portion  only  when  maximum  temperature  reached  at  cen  ^ 
of  can  is  <1  deg  below  retort  temperature  (RT).  By  definition,  , 
Fraction  of  total  lethal  value  of  a  process  which  ,s  represen  e 
heating  portion  only  when  maximum  temperature  reached 
of  can  is  g'  deg  below  retort  temperature  (R I  ). 
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Fraction  of  total  lethal  value  of  a  process  which  is  represented  by 
heating  portion  only  when  maximum  temperature  reached  at  center 
of  can  is  0.1,  g<0.i,  or  g'<0A  deg  below  retort  temperature  (RT). 

Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
of  can  were  g2  or  g'2  deg  below  final  retort  temperature  (RT2)  and 
process  were  a  simple  process  of  retort  temperature  RT2. 

Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
of  can  were  0.1,  g2  <o.i  or  ^  < o.i  deg  below  final  retort  temperature 
(RT2)  and  process  were  a  simple  process  of  retort  temperature  RT 2. 

Fraction  of  total  lethal  value  of  a  process  which  is  represented  by 
heating  portion  only  when  maximum  temperature  reached  at  center 
of  can  is  g'bl  deg  below  first  retort  temperature  ( RTi ). 

Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
of  can  were  gb2  deg  below  final  retort  temperature  ( RT2 )  and  process 
were  a  simple  process  of  retort  temperature  RT2. 

Fraction  of  total  lethal  value  of  a  process  which  is  represented  by 
heating  portion  only  when  maximum  temperature  reached  at  center 
of  can  is  gi,h  deg  below  retort  temperature  (RT).  By  definition, 
Pbh  =  ACbh. 


Fraction  of  total  lethal  value  of  a  process  which  is  represented  by 
heating  portion  only,  when  maximum  temperature  reached  at  center 
of  can  is  g'bh  deg  below  retort  temperature  (RT). 


Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
of  can  were  g'bll  deg  below  retort  temperature  (RT)  and  slope  of  heating 
curve  were  constant  and  equal  to  f2. 


Fraction  of  total  lethal  value  of  the  process  which  would  be  repre¬ 
sented  by  heating  portion  only,  if  maximum  temperature  reached  at 
center  of  can  were  gt  deg  below  retort  temperature  (RT)  and  slope 
of  heating  curve  were  constant  and  equal  to  fh\. 

Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
of  can  were  g(  <0.i  deg  below  retort  temperature  (RT)  and  slope  of 
heating  curve  were  constant  and  equal  to  fhi. 

Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
of  can  were  gh2  or  gh2  deg  below  retort  temperature  (RT)  and  slope  of 
heating  curve  were  constant  and  equal  to  f2. 

Fraction  of  total  lethal  value  of  a  process  which  would  be  represented 
by  heating  portion  only,  if  maximum  temperature  reached  at  center 
o  can  were  0.1,  gh2  <0.u  or  gh2<0A  deg  below  retort  temperature  (RT) 
and  slope  of  heating  curve  were  constant  and  equal  to  f2. 

Thermal  death  time  in  minutes. 


Time  in  minutes  required  to  destroy 
below  retort  temperature  (RT). 


organism  at  temperature  g'  deg 
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Time  in  minutes  required  to  destroy  organism  at  temperature  0 
below  retort  temperature  (7 IT)  when  process  (heating  and  coolin 
portions  combined)  is  just  sufficient  to  sterilize  food  in  cans  if  m&y. 

mum  temperature  attained  at  center  of  can  is  0.1°  below  retort  temDc' 
ature  ( RT ).  p  ' 

1  ime  in  minutes  required  to  destroy  organism  at  temperature  0. 
below  retort  temperature  (RT)  when  process  (heating  and  coolin 
portions  combined)  is  either  less  than  or  more  than  sufficient 
sterilize  food  in  cans  if  maximum  temperature  attained  at  center 
can  is  0.1°  below  retort  temperature  (RT). 

Time  in  minutes  required  to  destroy  organism  at  temperature  g2  d< 
below  final  retort  temperature  (Rl\). 

Time  in  minutes  required  to  destroy  organism  at  temperature  g'2  d( 
below  final  retort  temperature  (RT2). 

Time  in  minutes  required  to  destroy  organism  at  temperature  0. 
below  final  retort  temperature  (RT2)  when  process  (heating  and  coolin 
portions  combined)  is  just  sufficient  to  sterilize  food  in  cans  if  max' 
mum  temperature  attained  at  center  of  can  is  0.1°  below  final  retof 
temperature  (RT2). 

Time  in  minutes  required  to  destroy  organism  at  temperature  0.; 
below  final  retort  temperature  (RT2)  when  process  (heating  and  coolin: 
portions  combined)  is  either  less  than  or  more  than  sufficient  t 
sterilize  food  in  cans  if  maximum  temperature  attained  at  center  ( 
can  is  0.1°  below  final  retort  temperature  (RT2). 

Time  in  minutes  required  to  destroy  organism  at  temperature  g'bl  de 
below  first  retort  temperature  (RT i). 

Time  in  minutes  required  to  destroy  organism  at  temperature  gb2  de 
below  final  retort  temperature  (RT2). 

Time  in  minutes  required  to  destroy  organism  at  temperature  gbh  de 
below  retort  temperature  (RT). 

Time  in  minutes  required  to  destroy  organism  at  temperature  gbk  de: 
below  retort  temperature  (RT). 

Time  in  minutes  required  to  destroy  organism  at  temperature  <7*2  de 
below  retort  temperature  (RT). 

Time  in  minutes  required  to  destroy  organism  at  temperature  g'bi  det 
below  retort  temperature  (RT). 

Time  in  minutes  required  to  destroy  organism  at  temperature  0.1. 
below  retort  temperature  (RT)  when  process  (heating  and  coolinn 
portions  combined)  is  just  sufficient  to  sterilize  food  in  cans  if  maxi 
mum  temperature  attained  at  center  of  can  is  0.1°  below  retort  temper, 
ature  (RT). 

Time  in  minutes  required  to  destroy  organism  at  temperature  0.11 
below  retort  temperature  (RT)  when  process  (heating  and  cooling 
portions  combined)  is  either  less  than  or  more  than  sufficient  tc 
sterilize  food  in  cans,  if  maximum  temperature  attained  at  center  oi. 
can  is  0.1°  below  retort  temperature  (RT). 
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■og-(-0  ' 

.  log- (10&  log  |‘)  +  p.  -1_ 

Factor  used  in  calculating  a  process  when  there  is  a  break  in  heating 
curve.  0t  makes  calculated  process  values  continuous  over  point  of 
break  in  heating  curve  by  producing  continuity  in  slope  values  of 
cooling  curves  over  this  point. 

log-i  ( 10  log 

_ _ \  / 2 _ <0.1/ 

log-1  (10  Y  Jog  —!7oh-~)  +  Pc  < 0.1-1 

L  \  J 2  Qt  <0.1/  -J 


Factor  used  in  calculating  a  process  when  there  is  a  break  in  heating 
curve.  0(  <0.1  makes  calculated  process  values  continuous  over  point 
of  break  in  heating  curve  by  producing  continuity  in  slope  values  of 
cooling  curves  over  this  point. 

log-1  (lO^log  ^ ) 

log"1  ( 10^  log  g^)  +  p„2  -  1 
L  \  J  2  Sh2/  J 


Factor  used  in  calculating  lethal  value  of  a  given  broken  heating 
curve  to  place  calculation  onto  basis  of  continuous-process  values  at 
point  of  break  in  heating  curve. 


log"1  (lofy  log 

_ _ V  h  9h2  <0.1/ _ 

log-1  (10^  log  +  PA2  0.,  _  1 


9bh 

9h2  <0. 

Factor  used  in  calculating  lethal  value  of  a  given  broken  heating 
curve  to  place  calculation  onto  basis  of  continuous-process  values  at 
point  of  break  in  heating  curve. 

log-1  ( 10  fy-  log 

_ V  h  Q  a)  _ 

+  Pa  —  1 


log-1  (i°^  ^  y) 


x^fbreakln^  Value  of  F  for  a  g^en  process  when  there 

is  a  break  in  heating  curve.  ea  makes  values  of  F  continuous  over 

point  of  break  in  heating  curve  by  producing  continuity  in  slope  values 
of  cooling  curves  over  this  point.  P 

log-1  (lofy  log  — 

\  J2  9  h2  < 0, in  / 

log 


log-'  ( 


10 


f  2 


(Jhh  \ 
9^2  <0.1  a) 


“I-  Ph2  0.1a  —  1 


Factor  used  in  calculating  value  of  F  f nr  Q 

is  a  break  in  heating  curve  d  mol,  prOCess  when  there 

0  <0.1  makes  values  of  F  continuous 
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over  point  of  break  in  heating  curve  by  producing  continuity  in  slop 
values  of  cooling  curves  over  this  point. 

Number  oi  minutes  necessary  to  destroy  organism  at  retort  tempo* 
ature  (RT). 

Number  of  minutes  necessary  to  destroy  organism  at  final  reto- 
temperature  (R 7’2). 

(=  i/Rpi)  Fraction  of  lethal  heat  necessary  to  sterilize  which  woul 
be  effective  at  center  of  can  in  a  complete  simple  process  (heating  an 
cooling)  if  slope  of  heating  curve  were/*  (and  constant),  retort  tempe* 
ature  were  RrJ\,  and  maximum  temperature  attained  at  center  of  ca: 
were  same  as  that  which  must  be  attained  for  sterility  in  divide 
process  being  calculated,  in  which  second  retort  temperature  is  RT' 
V,  divided  into  fh,  gives  pseudo  slope 

In  problems,  value  of  V  is  obtained  from  formula 

v  =  l+  /*qr62  -  rj) 


( =  fiYhi/Fphz)  Fraction  of  lethal  heat  necessary  to  sterilize  which  woull 
be  effective  at  center  of  can  in  a  given  process — heating  and  cooling— 
if  slope  of  heating  curve  were  /2  (and  constant),  retort  temperatun 
were  RT,  and  maximum  temperature  attained  at  center  of  can  wen 
same  as  that  which  must  be  attained  for  sterility  in  broken-heating 
curve  process  being  calculated,  in  which  slope  of  heating  curve  afte: 
break  is  represented  by  /2.  V h,  divided  into  /2,  gives  the  pseudo  slop: 


F phi\ 

w 


In  problems,  value  of  F*  is  obtained  from  formula 


Vh  =  1  +  Be 


(f  2  ~  fh l)  I  bh 
F 


Symbols  representing  canned  foods. 

Number  of  minutes  from  beginning  of  process  to  instant  of  change  iii 
retort  temperature,  when  process  (heating  and  cooling  portions  com 
bined),  if  steam  were  turned  off  and  water  cooling  begun  at  instant  o; 
change  in  retort  temperature,  would  be  either  less  than  or  more  thai 


sufficient  to  sterilize  food  in  cans. 

Number  of  minutes  from  beginning  of  process  to  instant  at  whicj 
center  of  can  attains  temperature  gbk  deg  below  retort  temperature  ( 


Number  of  minutes  necessary  to  hold  can  at  second  retort  temperatun 
(RTi)  to  give  a  sterilizing  process  when  difference  between  fina  re  o 
temperature  (RTt)  and  maximum  temperature  attained  at  center 

can  is  not  less  than  0.1°. 

Number  of  minutes  necessary  to  hold  can  at  second  retor t  l* 

(RTi)  to  give  a  sterilizing  process  when  difference  between  na 
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temperature  (RT2)  and  maximum  temperature  attained  at  center  of 
can  is  less  than  0.1°. 

Number  of  minutes  after  break  in  heating  curve  necessary  to  hold 
can  at  retort  temperature  (RT)  to  give  a  sterilizing  process  when 
difference  between  retort  temperature  and  maximum  temperature 
attained  at  center  of  can  is  not  less  than  0.1°. 


Number  of  minutes  after  break  in  heating  curve  necessary  to  nuiu 
can  at  retort  temperature  (RT)  to  give  a  sterilizing  process  when 
difference  between  retort  temperature  and  maximum  temperature 
attained  at  center  of  can  is  less  than  0. 1 

Temperature  coordinate  of  heating  curve,  representing  number  of 
degrees  to  retort  temperature. 

(=  220)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is 

effective  at  center  of  can  up  to  time  can  attains  temperature  g'  deg 
below  retort  temperature  (RT),  assuming  conditions/*  =  1  and  F  =  1. 
RT  has  any  given  value. 

( =  ^o.i>  2200.1)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is 
effective  at  center  of  can  up  to  time  can  attains  temperature  0.1°  below 
retort  temperature  (RT),  assuming  conditions/*  =  1  and  F  =  1,  when 
process  (heating  and  cooling  portions  combined)  is  either  less  than  or 
more  than  sufficient  to  sterilize  food  in  cans.  RT  has  any  given  value. 

(  =  Z2\  220  2)  Fraction  of  lethal  heat  necessary  to  sterilize  which  would 
be  effective  at  center  of  can  up  to  time  can  attained  temperature  <72  or 
</2^eg  below  final  retort  temperature  (RT2);  assuming  conditions 
F  —  1,  process  is  a  simple  process  of  retort  temperature  Rrl\  and  slope 
of  heating  curve  equals  1.  RT2  has  any  value. 

(=  Z20.1F22020.1)  Fraction  of  lethal  heat  necessary  to  sterilize  which 
would  be  effective  at  center  of  can  up  to  time  can  attained  temperature 
.1  below  final  retort  temperature  (RT2);  assuming  conditions  F  =  1, 
process  is  a  simple  process  of  retort  temperature  RT2  and  slope  of 
heating  curve  equals  1.  RT2  has  any  value. 

(!T  Z**F220  6i)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is 
effective  at  center  of  can  up  to  time  can  attains  temperature  g'  deg 
below  first  retort  temperature  (RT 0,  assuming  conditions  F  =  1  and 
slope  of  heating  curve  equals  1.  RT,  has  any  value. 

220ff2)  ,FraCtl°n  °f  lethal  heat  necessary  to  sterilize  which 

z  I  „'eHcleh'r  atficTer  of  ca" up  ti,ne  can  a"ai"ed 

bclow  ',nal  retort  temperature  <7, '7',);  assuming  condi- 
’  Process  18  a  simple  process  of  retort  temperature  RT, 

and  slope  of  heating  curve  equals  1.  RT2  has  any  valueP 

(=  Zbhr'M ,»)  Fraction  of  lethal  heat  necessary  to  sterilize  which  is 
ffeet.ve  at  center  of  can  up  to  time  can  attains  temperature  g'  deg 
below  retort  temperature  (RT),  assuming  conditions  F  =  1  and  slop! 
of  heating  curve  equals  1.  RT  has  any  given  value 
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(=  ^62  0.1^220  62  o.i)  Fraction  of  lethal  heat  necessary  to  sterilize  whic- 
would  be  effective  at  center  of  can  up  to  time  can  attained  temperatun 
0.1°  below  retort  temperature  ( RT ),  assuming  conditions  F  =  1  ant 
slope  of  heating  curve  is  constant  and  equal  to  1.  RT  has  any  give 
value. 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  cento 
of  can  up  to  time  can  attains  temperature  g '  deg  below  retort  tempei 
ature  (RT),  assuming  conditions  fh  =  1,  F  =  1,  and  RT  =  220°. 
Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  cento 
of  can  up  to  time  can  attains  temperature  0.1°  below  retort  tempei 
ature  (RT),  assuming  conditions  fh  =  1,  F  =  1,  and  RT  =  220°,  whe 
process  (heating  and  cooling  portions  combined)  is  either  less  than  o: 
more  than  sufficient  to  sterilize  food  in  cans. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effectiv, 
at  center  of  can  up  to  time  can  attained  temperature  g2  or  g'2  deg  belo\ 
final  retort  temperature  (RTz),  assuming  conditions  F  —  1,  slope  c 
heating  curve  equals  1,  and  process  is  a  simple  process  of  retort  temper 
ature  RTz  =  220°. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effectiv 
at  center  of  can  up  to  time  can  attained  temperature  gz  <0.i  or  g2  <0 ,  de 
below  final  retort  temperature  (RTz),  assuming  conditions  F  =  1 
slope  of  heating  curve  equals  1 ,  and  process  is  a  simple  process  of  reton 
temperature  RTz  =  220°. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  cente 
of  can  up  to  time  can  attains  temperature  <7 'bl  deg  below  first  retor 
temperature  (RTi),  assuming  conditions  F  =  1,  slope  of  heating  cun- 
equals  1,  and  RT  1  =  220°. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effectiv 
at  center  of  can  up  to  time  can  attained  temperature  g'b2  deg  belov 
final  retort  temperature  (RTz);  assuming  conditions  F  =  1,  slope  0 
heating  curve  equals  1 ,  and  process  is  a  simple  process  of  retort  temper 
ature  RT2  =  220°. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  cente 
of  can  up  to  time  can  attains  temperature  gbh  deg  below  retort  temper 
ature  (RT),  assuming  conditions  F  =  1,  slope  of  heating  curve  equals  1 
and  RT  =  220°. 

Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effectiv 
at  center  of  can  up  to  time  can  attained  temperature  ghz  or  ght  de 
below  retort  temperature  (RT),  assuming  conditions  F  =  1,  slope  0 
heating  curve  is  constant  and  equal  to  1,  and  RT  equals  220  . 
Fraction  of  lethal  heat  necessary  to  sterilize  which  would  be  effectiv 
at  center  of  can  up  to  time  can  attained  temperature  0  1  beo' 
retort  temperature  (RT),  assuming  conditions  F  =  1,  slope  of  heat 
curve  is  constant  and  equal  to  1,  and  RT  equals  220  . 

Factor  used  to  convert  Ym  to  a  value  (F)  corresponding  to  a  retor 
temperature  other  than  220°.  2  is  number  whose  logantlu 

(RT  -  220°)  t  z. 

Factor  used  to  convert  F^m  to  a  value  m.r)  coprespondmg  » 
retort  temperature  other  than  220°.  »  number  whose  lognr.tt. 

is  (RT  -  220°)  +  2. 
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Factor  used  to  convert  Y 220  z  to  a  value  ( Y 2)  corresponding  to  a  retort 
temperature  other  than  220°.  Z2  is  number  whose  logarithm  is 
(. RT  -  220°)  2. 

Factor  used  to  convert  F22o  2  0.1  to  a  value  (12  0.1)  corresponding  to  a 
retort  temperature  other  than  220°.  Z2  0.1  is  number  whose  logarithm 
is  (RT  -  220°)  2. 

Factor  used  to  convert  Y220  bl  to  a  value  (Ybl)  corresponding  to  a  retort 
temperature  other  than  220°.  Ki  is  number  whose  logarithm  is 
(RT  -  220°)  2. 

Factor  used  to  convert  Y220  b2  to  a  value  ( Yb2 )  corresponding  to  a  retort 
temperature  other  than  220°.  Zbz  is  number  whose  logarithm  is 
(RT  -  220°)  -4-  2. 

Factor  used  to  convert  Y'22 0  bh  to  a  value  ( Ybh )  corresponding  to  a  retort 
temperature  other  than  220°.  Z'bh  is  number  whose  logarithm  is 
(RT  -  220°)  -h  2. 

Factor  used  to  convert  F220  *2  to  a  value  (Y  hz)  corresponding  to  a 
retort  temperature  other  than  220°.  Zhz  is  number  whose  logarithm  is 
(RT  -  220°)  2. 

Factor  used  to  convert  F220A20.1  to  a  value  (Y hi  0.1)  corresponding 
to  a  retort  temperature  other  than  220°.  ZA2  0.i  is  number  whose 
logarithm  is  (RT  —  220°)  -f-  2. 

Represents  slope  of  thermal  death  time  curve. 


CHAPTER  14 


NEW  FORMULA  METHOD 
FOR  CALCULATING  PROCESSES 


INTRODUCTION 


The  new  system  of  calculating  processes  is  focused  on  a  value  whi< 
is  equal  to  100P220.  ^  220  was  defined  in  Chap.  13.  Basically,  the  ne 

system  differs  from  the  original  system  (MSTPCF)  primarily  in  tl 
manner  in  which  the  tables  of  parameters,  giving  the  values  of  tl 
quantity  100  T^o  corresponding  to  different  combinations  of  values 
several  influencing  factors,  were  established.  Beyond  that  basic  diffe 
ence,  however,  the  new  system  employs  the  parameters  in  an  entire 
new  manner  which  provides  short  cuts  to  answers;  it  also  makes  possib 
the  solution  of  problems  which  were  unsolvable  by  the  other  method. 

The  development  of  the  tables  and  of  the  calculation  procedure  w 
first  be  described,  including  the  development  of  the  working  equation 
These  working  equations  are  generalized  forms  of  the  working  equatiot 
developed  in  Chap.  13.  Therefore  they  are  founded  on  the  workir 
equations  of  Chap.  13,  and  an  understanding  of  the  latter  equations  is 
prerequisite  to  a  successful  study  of  pages  410  to  407  ol  Chap.  14.  Ne: 
will  be  the  solution  of  problems  illustrating  the  calculation  procedure 
These  solutions  will  show,  in  detail,  the  execution  of  all  steps  in  the 


proper  sequence,  leading  directly  to  the  answer.  The  problems  will 
followed  by  a  summary  and  a  list  of  definitions  of  symbols.  The  syste 
of  symbols  in  the  list  is  that  used  in  this  book  prior  to  Chap.  12. 

The  list  of  symbols  is  divided  into  two  parts.  Part  1  contains  tl 
symbols  that  are  employed  in  making  calculations,  that  is,  m  solvn 
problems;  part  2  contains  symbols  that  were  used  in  developing  t 
working  equations  but  are  not  employed  in  making  calculations. 


DEVELOPMENT  OF  EQUATIONS— INITIAL  STEPS 

By  definition  of  Ph  and  from  Eq.  (SB),  Chap.  13, 

Ph  =  100F'22o  =  100  ^T 


(14.. 
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uid  P'  =  ioor;20  Q  -  i)  =  100(1  -  „')  C  (u.ia) 

Model  time-temperature  curves  for  the  critical  point  in  the  food  in  the 
container  were  assumed,  as  follows: 

Heating  Cooling 

/  =  1.0  c  =  1.0 

j  =  1.0  jc  =  1.41 

7\  =  220°  T  i  =  220° 

To  =  120°  Tc  =  -40,  -10,  20,  50,  90 

1  =  100 


Lethality  Value  of  Heating  Portion  of  Process 


The  simple  semilog  heating  curve  was  represented  in  TPTCF  (p.  13) 
)y  Eq.  (1),  as  follows: 


Xh 

h 


(14.2) 


To  develop  the  new  method,  four  process  termination  points  ty  on  the 
ime  scale  of  the  model  heating  curve  were  arbitrarily  chosen,  viz.,  0.95, 
.5,  2.25,  and  3.0;  then  g  values  corresponding  to  these  ty  values  were 
alculated  by  (14.2),  substituting  therein  jl  for  yh,  ty  for  xh,  and  /for  fh. 


g  =  log"1 


(14.2a) 


For  the  model  heating  curve  conditions,  (14.2a)  gives 


g  =  log-1  (2  -  ty)  (14.26) 

ransposing  (14.26), 

4  =  2  -  log  g  (i4.3) 

simple  semil°g  thermal  death  time  curve  was  represented  in 
PTC  F  (p.  17)  by  Eq.  (4),  as  follows: 


—  =  log 
z  t 

(14.4) 

ubstituting  Tn  —  250° 

for  .To,  F  for  y0  and  tn  for  t  in  (14.4), 

olving  (14.4a)  for  tn, 

Tn  -  250  ,  F 

- -  log  — 

2  *  tn 

(14.4a) 

ty  definition, 

tn  =  F  log-1 

z 

(14.5) 

r 

1  n  =  T  i  —  g'  =  220  —  g1 

(14.0) 
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where  g'  =  difference  in  degrees  between  retort  temperature  and  an 
temperature  on  the  heating  curve. 

Substituting  (14.6)  in  (14.5), 


tn  =  F  lOg-1 


30  +  g' 
z 


When  F  =  1,  from  (14.7), 


(14.7 


tn  =  log-1 


30  +  g' 
z 


(14.7c 


Four  time  values  for  the  model  time-temperature  heating  curve  wer 
arbitrarily  chosen  preceding  each  of  the  four  process  termination  point 
ty.  For  the  g'  value  of  each  of  these  16  points,  tn  was  calculated  b 
(14.7a)  for  each  of  10  different  values  of  z,  viz.,  6,  14,  18,  26,  30,  40,  51 
60,  70,  and  80. 

Lethality  Value  of  Cooling  Portion  of  Process 

A  model  cooling  curve  was  constructed  to  semilogarithmic  coordinate 
with  c  =  1.0,  jcm  =  100.  This  curve,  shown  on  Fig.  14.1,  was  desi^ 
nated  a  “generalized  cooling  curve.”  Lag  portions  of  the  curve  wer 
drawn  as  hyperbolas  intersecting  the  zero  time  axis  at  points  repn 
senting  100 fje  on  the  temperature  (logarithmic)  scale  for  each  of  tb 
following  value  of  jc :  1.1,  1.2,  1.3,  1.41,  1.6,  1.7,  1.8,  and  2.0.  Three  c 
these  lag  portions  (for  jc  =  1.1,  1.41,  and  2.0)  are  shown  on  Fig.  14.1. 

In  order  to  make  use  of  the  generalized  cooling  curve,  it  was  necessar 
to  express  its  values  in  terms  of  T„,  the  initial  temperature  of  an  exper: 
mental  cooling  curve,  Tc,  the  cooling  water  temperature,  and  Tt,  th 
temperature  at  time  tc,  as  indicated  by  a  curve  starting  at  Tg  an 
approaching  Tc.  This  was  accomplished  by  means  of  Eq.  (14.8). 

T,  =  T,  -  (l  -  (T,  -  70  (14.8 

Eq.  (14.8)  was  derived  by  inspection  of  the  generalized  cooling  cum 
It  was  constructed  in  such  a  manner  as  to  make  it  meet  the  followin 
three  conditions: 

1.  Tt  <  Ta 

2.  When  Tx  =  m  =  y3,  Tt  =  T0 

3.  When  Tx  =  0,  Tt  =  Te 

Eq.  (14.8)  could  have  been  evolved  through  the  use  of  the  equation 
of  the  hyperbola  and  the  semilog  curve  but  with  much  more  difficult' 
than  by  the  crude  empirical  method  that  was  used. 
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From  Eq.  (14.8), 


Whenjc  =  1.41, 


(14.8a) 

(14.86) 


The  generalized  cooling  curve  has  the  canonical,  temperature  scale,  u, 
iescribed  in  Chap.  6. 


Fig.  14.1.  The  generalized  cooling  curve. 


Under  the  heating-curve  conditions  given  above,  T,  values  for  the  four 
ssumed  process  termination  points,  viz.,  ty  =  0.95,  1.5,  2  25  and  3  0 
cm  were  calculated  as  208.8,  210.8,  219.4,  and  219.9,  respectively, 
equation  (14.26)  was  used,  then  Ta  =  7\  —  g.  * 

°f  ^.  corresponding  to  given  values  of  te/c,  taken  from  the 
enerahzed  cooling  curve  of  Fie  14  1  whon  i  i  o 
-able  14.1  S'  when  Jc  =  L41’  are  Slven  in 


414  STERILIZATION  IN  FOOD  TECHNOLOGY 

With  the  four  values  of  T„,  viz.,  208.8,  216.8,  219.4,  and  219.9,  am 
jc  =  1.41,  and  Tx  values  from  Table  14.1,  Tt  values  were  calculated  U 
(14.8).  These  values  are  given  in  Table  14.2A. 


Table  14.1.  Values  of  Tx  from  Generalized  Cooling  Curve.  je  =  1.41 


tc 

C 

0 

0.05  0.  10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.55 

0.60 

O.i 

Tx 

70.9 

70.2 

68.0 

65.1 

60.0 

55.9 

49.6 

44  2 

39.8 

35.5 

31 .6 

28  2 

25.1 

22: 

tc 

c 

0.70 

0.75 

0.80 

0.85 

0 . 90 

0.95 

1.0 

1.05 

1  .  10 

1.15 

1  20 

1.25 

1 .30 

l.: 

Tx 

20.0 

17.8 

15.9 

14.1 

12.6 

11.2 

10.0 

8.93 

7 . 95 

7 . 09 

6.31 

5.63 

5.02 

4.* 

tc 

c 

1.40 

1.45 

1.50 

1.55 

1.60 

1.65 

1.70 

1.75 

1.80 

1.85 

1 . 90 

1  .95 

2.0 

Tx 

3.98 

3.55 

3.16 

2.82 

2.52 

2.24 

2.00 

1.78 

1.59 

1.41 

1.26 

1.12 

1.0 

Sterility  Heating  Curve 

When  (14.26)  and  (14.7a)  are  combined,  a  relationship  between 
and  ty  is  given.  By  plotting  l/t„  against  ty,  a  lethality  curve  was  coi 
structed  for  the  heating  curve  /  =  1.0,  7\  =  220°  for  each  of  10  therm 
death  time  curves,  viz.,  curves  having  z  values  of  6,  14,  18,  26,  30,  4' 
50,  60,  70,  and  80— all  with  F  value  of  1.0. 


Sterility  Cooling  Curve 

For  cooling  curves,  to  find  tt  (time  required  to  destroy  spores  at  ten 
perature  Tt ),  Tt  is  substituted  lor  Tn  in  (14.5). 


tt  =  F  log-1 


250  -  Tt 
z 


(14.1 


When  F  =  1, 


tt  =  log- 


250  -  Tt 


(14.9< 


With  each  lethality  heating  curve,  20  sterility  cooling  curves  we 
constructed  by  plotting  MU  [Eq.  (14.9a)]  against  Ijc  (»  « 

the  slope  value  c  =  1.0  and  for  the  T,  values  208.8,  216.8,  219.  , 
219  9  A  sterility  cooling  curve  was  constructed  corresponding  o 
curve  of  groups  of  five  cooling  curves.  Each  of  these  groups  jmnste 
of  four  curves  having  the  four  values  of  1  respectne  y.  ’  ^ 

were  five  cooling  curves  having  each  of  the  four  values  o  „• 
curves  represented  five  different  cooling  water  temperatures  1  c, 
_40°  _io°,  20°,  50°,  and  90°,  respectively. 
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Table  14.2/1.  Temperature  Values  on  Cooling  Curves  Obtained  by  Use 
of  the  Generalized  Cooling  Curve,  Fig.  14.1 


tc 

T 

c  — 

-40 

O 

T 

C 

-10 

0 

Tc 

=  20° 

Tc 

=  50° 

V 

L  C 

=  90° 

C 

T 

X 

T, 

T 

X 

Tt 

Tz 

Tt 

T 

1  X 

Tt 

T 

1  X 

Tt 

0 

70 

9 

208 

.8 

70 

.9 

208 

.8 

70 

.9 

208 

.8 

70 

.9 

208 

.8 

70 

.9 

208 

.8 

0.05 

70 

2 

206 

.3 

70 

.2 

206 

.6 

70 

.2 

206 

.9 

70 

.2 

207 

2 

70 

2 

207 

.6 

0.15 

65 

1 

188 

4 

65 

1 

190 

8 

65 

.  1 

193 

.3 

65 

.1 

195 

8 

65 

1 

199 

.0 

0.25 

55 

9 

156 

6 

55 

.9 

162 

9 

55 

.9 

169 

1 

55 

.9 

175 

4 

55 

.9 

183 

.8 

0.35 

44 

2 

115 

3 

44 

2 

126 

6 

44 

.2 

137 

.8 

44 

.2 

149 

0 

44 

2 

163 

.9 

0 

70 

9 

216 

8 

70 

9 

216 

8 

70 

9 

216 

8 

70 

.9 

216 

8 

70 

9 

216 

8 

0.08 

69 

0 

210 

6 

69 

0 

210 

9 

69 

0 

211 

7 

69 

0 

212 

5 

69 

0 

213 

5 

0.15 

65 

1 

195 

2 

65 

1 

197 

8 

65 

1 

200 

3 

65 

1 

202 

8 

65 

1 

206 

6 

0.30 

49 

6 

139 

7 

49 

6 

148 

8 

49 

6 

158 

0 

49 

6 

167 

0 

49 

6 

178 

7 

0.50 

31 

6 

74 

8 

31 

6 

91 

0 

31 

6 

108 

0 

31 

6 

124 

3 

31 

6 

146 

4 

0 

70 

9 

219 

4 

70 

9 

219 

4 

70 

9 

219 

4 

70 

9 

219 

4 

70 

9 

219 

4 

0.10 

68 

0 

209 

1 

68 

0 

210 

2 

68 

0 

211 

4 

68 

0 

212 

6 

68 

0 

214 

0 

0.25 

55 

9 

164 

9 

55 

9 

171 

0 

55 

9 

177 

4 

55 

9 

183 

9 

55 

9 

192 

3 

0.50 

31 

6 

76 

4 

31 

6 

92 

0 

31 

6 

109 

0 

31 

6 

125 

4 

31 

6 

147 

4 

0.75 

17 

8 

25 

4 

17 

8 

47. 

0 

17 

8 

70 

0 

17 

8 

92 

0 

17 

8 

122 

4 

0 

70 

9 

219. 

9 

70. 

9 

219. 

9 

70 

9 

219 

9 

70 

9 

219. 

9 

70 

9 

219 

9 

0.25 

55 

9 

164 

1 

55. 

9 

171 . 

0 

55 

9 

178 

0 

55 

9 

184. 

1 

55 

9 

192. 

5 

0.50 

31 

6 

76. 

9 

31 

6 

93. 

0 

31 

6 

109 

0 

31 

6 

126. 

0 

31 

6 

148 

0 

0.70 

20. 

0 

32. 

9 

20. 

0 

55. 

0 

20 

0 

76 

0 

20 

0 

98. 

0 

20. 

0 

126 

4 

1.0 

10. 

0 

4. 

1 

10. 

0 

22 

0 

10 

0 

48 

0 

10 

0 

74. 

0 

10. 

0 

107. 

9 

Evaluating  the  Sterility  Curves 


By  counting  squares,  sterility  values  indicated  by  the  sterility  heating 
•urves  and  the  sterility  cooling  curves  were  obtained  separately.  *  Curves 
vere  then  plotted  to  show  the  relationship  between  per  cent  sterilization 
ind  the  value  of  z,  the  slope  of  the  thermal  destruction  time  curve. 
These  curves  for  the  heating  portion  of  the  process  are  shown  in  Fig.  14.2 
is  curves  C,  D,  E,  and  F ;  those  for  the  cooling  portion  of  the  process  are 
lot  shown.  In  Fig.  14.2,  horizontal  scale  A,  which  is  slope  value  2, 
ipplies  to  curves  C,  D,  E,  and  F.  Per  cent  sterilization  for  the  heating 
lortion  of  the  process  (Fig.  14.2)  is  represented  by  the  symbol  Ph,  that 
or  the  cooling  portion,  by  the  symbol  Pe. 

From  curves  C,  D,  E,  and  F  in  Fig.  14.2,  values  were  taken  for  plotting 


tor  carrying  out.  the  tedious  task  of  evaluation  of  the 
>oint,  the  authors  express  their  indebtedness  to  Glenn  D. 

4  Campbell  Soup  Company. 


sterility  curves  up  to  this 
Boyd  of  the  technical  staff 
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other  curves  to  show  the  relationship  between  time  and  per  cent  steriliza 
tion  for  different  values  of  z  from  G  to  80.  These  curves  also  wen 
plotted  in  tig.  14.2  as  curves  G  to  W.  Similarly,  from  the  curves  fc: 
the  cooling  portion,  values  were  taken  for  plotting  other  curves  to  shov 
the  relationship  between  per  cent  sterilization  and  the  value  of  g.  These 


10  125  1.5  175  20  225  25  2.75  30 

Scale  B  (curves  G  to  W) 

Fig  14  2  Relationship  between  z  value  and  per  cent  sterilization  by  heating  portio 
of  process-  also  relationship  between  time  and  per  cent  sterilization  by  heating  portio 
of  process.  Per  cent  sterilization  during  heating  versus  i  with  constant  g  (curves  < 
D  E  F ).  Per  cent  sterilization  during  heating  versus  t„  with  constant  z  (curves  0- 
W).  ’  f  =  1,  F  =  1,  j  =  1-0,  RT  =  220. 

curves  are  shown  in  Fig.  14.3  for  six  values  of  i,  viz.,  260,  230,  200,  17( 

150,  and  130,  and  for  values  of  g  from  0  to  30. 

To  develop  the  tables  of  values  of  Ph  and  Pc,  readjustments  ol  tb 
curves  of  Figs.  14.2  and  14.3  were  made  in  order  to  increase  their  accurac) 

The  Function  Ph 

The  development  of  Table  14.3  occurred  through  an  involved  proce 
of  ironing  out  errors  and  inconsistencies  in  curves  G  to  II  o!  1  ig.  «•' 
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This  process  consisted  of  plotting  various  series  of  curves  showing  trans¬ 
verse  relationships  among  the  various  factors  Ph,  ty,  and  2. 

It  is  believed  that  a  detailed  step-by-step  review  of  the  graphical 
process  through  which  the  curves  of  Figs.  14.2  and  14.3  were  refined 
would  not  be  justified  here.  Since  the  reader  may  wish  to  have  a  rough 
idea  of  the. work  involved,  the  steps  will  merely  be  mentioned  in  the 
course  of  the  mathematical  exposition  of  functions  Ph  and  Pc,  with  no 
graphical  illustrations.  If  the  reader  will  have  the  patience  to  follow 
the  ensuing  sketchy  description  of  the  steps,  he  will  appreciate  the 
unfeasibility  of  presenting  the  developments  in  detail. 

The  first  step  was  to  tabulate  values  of  Ph  corresponding  to  values  of 
\y  from  0.75  to  3.25.  These  values  were  taken  from  curves  G  to  W  in 
Fig.  14.2.  This  table  provided  the  values  for  P,-ty  curves  from  which 
values  of  Ph  were  taken  for  calculating  ph  [Eq.  (14. lie),  page  418]. 

From  the  definition  of  Ph  (L 1,  by  definition,  is  a  function  of  t ), 


(14.10) 


From  Chaps.  11  and  12, 


(14.10a) 


r 


herefore,  again,  by  definition, 


f  Tg 220 

p»  =  JTo  10(r-260)/*  dr  (when  7\  =  220)  (14.105) 


mr  any  retort  temperature  8 ,  (7\  =  8) 


(14.10c) 


/ 

/. 


JQ(7’-250)/j2'l7’oa 


Ph  =  /  lO<r-S60)/,  dT  = 


l0tr-  250)/z2^7’»22<> 


?rom  (14.10d)  and  (14.10c)  (Tgi  =  8  -  g;  T„„ 


(7!  1  »22o  —  220  —  g), 


lQ(5-ff-250)/2 


(14.10/) 


P«  =  P»Z 

<rom  the  discussion  of  lethality  curves  in  Chap.  11 


(14.100) 


(14.11) 
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For  any  value  of  F,  (F  =  p),  from  the  definition  of  pf, 


Pf 

From  (14.10)  and  (14.11a), 


(/  =  1,  F  =  pt  Tx  =  220) 


(14.11^ 


(14.116 


In  a  sterility  curve,  it  is  clear  that,  if  the  retort  temperature  and  th 
initial  temperature  remain  constant,  the  area  representing  sterilizin 
value  varies  directly  as  the  slope  value  /  of  the  heating  curve  or  c  of  th 
cooling  curve,  upon  which  the  sterility  curve  is  based,  varies. 

Therefore,  when  /  =  a, 


Pfa 


(f  =  a,  F  =  fi,  Ti  =  220)  (14.1b. 


By  substituting  ph&  for  Ph  in  (14.11c)  we  have  pfg, 


(X  OC  jj  f-/ 

Pfa  =  p  PM  =  QP,Zl 


(14.11a 


Substituting  in  (14.1  Id),  the  conventional  symbols  for  which  a,  ft,  and 
stand  and  eliminating  these  symbols  from  the  subscript  of  the  left-han 


member, 


(14. Ilf 


Using  (14.11c),  values  of  yh  were  calculated  for  the  conditions  /  =  5( 
Ty  =  220,  U i  =0.1  for  the  following  14  values  of  z :  80,  70,  60,  50,  4( 
30,  26,  22,  18,  16,  14,  12,  10,  and  8  and  for  the  following  nine  value 
of  \y :  0.75,  1.00,  1.25,  1.50,  1.75,  2.00,  2.25,  2.50,  and  2.75.  The  value 
for  Ph  were  taken  from  curves  G  to  IF,  Fig.  14.2.  Values  of  F  wer 
calculated  from  (14.5),  substituting  U i  =  0.1  for  t„  and  220  for  1, 
The  calculated  values  are  given  in  Table  14.2B.  Values  of  Z\  wer 
taken  from  Table  12.3. 


Table  14  2 B.  Values  of  F  Corresponding  to  Values  of  z  Used 

in  Eq.  (14.5) 


z 

80 

70 

60 

50 

40 

30 

26 

22 

18 

16 

14 

12 

10 

F 

0.0421 

0  0373 

0  0316 

0  0251 

0  0178 

0  010 

0  00705 

0  00435 

0.00215 

0.00134 

0  000725 

0.000316 

0  0001 

The  purpose  of  these  calculations  was  to  learn  whether  or  not  p*  value 
made  a  consistent  series  of  values  when  /  =  50.  Since  they  did  it  wa 


assumed  that  they  do  so  for  all  values  of  /. 
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A  z-ph  curve  was  plotted  for  each  value  of  ty.  Each  curve  was  extrapo- 
ated  (extended)  to  the  value  z  =  100. 

For  given  values  of  1\  and  /,  of  course,  there  is  a  unique  value  of  g  for 
:ach  value  of  ty.  Using  (14.26),  the  values  of  g  given  in  Table  14.20' 
vere  calculated : 

I 


Table  14.2(7.  Values  of  g  Corresponding  to  Values  of  ty  Used 

in  Eq.  (14.26) 


h 

0.30 

0.455 

0  002 

0.75 

1.00 

1.25 

1.50 

1.75 

2.00 

2.25 

2.50 

2.75 

9 

50 

35 

25 

17.8 

10.0 

5.02 

3.10 

1.78 

1.00 

0.502 

0.310 

0.178 

With  values  taken  from  the  system  of  z-ph  curves  just  described,  two 
urves  were  constructed,  showing  the  relationship  between  g  and  ph  for 
=  100  and  z  =  60,  respectively.  These  curves  were  extrapolated  to 
tie  value  g  =  50. 

With  values  of  g-ph  taken  from  these  curves,  three  additional  z-ph 
urves  were  constructed,  representing  g  =  25,  g  =  35,  and  g  =  50, 
^spectively.  Values  of  z-ph  taken  from  those  curves  were  converted 
i  z-Ph  values  by  means  of  (14. lie),  and  with  these  values,  some  adjust- 
lents  were  made  in  the  Ph-z  curves  in  Fig.  14.2,  and  corresponding 
djustments  were  made  in  the  Ph-ty  curves  of  Fig.  14.2.  These  adjust- 
lents  are  not  shown  in  Fig.  14.2.  They  are  mentioned  simply  because 
ley  constituted  a  step  in  the  development  of  the  working  values  of  Ph 
id  to  explain  why  values  of  the  Ph-z  relationship  in  Table  14.3  will  not 
ways  agree  with  the  curves  of  Fig.  14.2. 


Curves  I  to  W  of  Fig.  14.2  were  transferred  to  log-log  coordinate 
iper  with  adjustment  of  both  scales  (0.5  unit  adjustment  on  the  ty  scale 
id  O.Oo  unit  adjustment  on  the  Ph  scale)  to  make  them  into  straight 
nes.  These  lines  were  constructed  in  the  range  of  Ph  values  above  0.01. 
hey  were  constructed  in  this  manner  as  straight  lines  in  order  to  iron 
it  disci  epancies  in  the  contours  of  the  curves. 

Values  from  the  above  straight-line  curves  were  transferred  back  to 
ie  normal  semilog  Ph-ty  scale,  and,  through  the  points  thus  plotted,  new 
h~ty  curves  I  to  W  were  plotted  between  Ph  =  0.01  and  Ph  =  100 
hese  curves  were  then  extrapolated  in  a  manner  which  appeared  con- 
•tent,  until  they  intersected  the  vertical  line  fT  =  0.3,  which  corresponds 

iced  herein  Xh6Se  CUrVeS  °C°UPy  “  V°ry  ‘arge  area  and  cannot  be  repro- 

“T  Tin  a  complet®  table  was  comPiled,  showing  the  relative 
br  \ .  ‘  and  for  rf<l,nrcd  combinations  of  /,  and  *  values.  This 
ble  was  then  converted  to  a  table  of  relative  values  of  P,  and  „  with 
■e  use  of  (14.26).  Through  an  evolution  extending  over  a  period  oi 
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Table  14.3.  Values  of  the  Function  Pi 


0 

o 

II 

N 

A* 

z  =  1 

0.1 

0.182 

2 

142 

0.324 

0.11 

0.180 

135 

0.315 

0. 12 

0.178 

1 

1 

1 

129 

0.307 

0  13 

0.177 

123 

0  300 

0. 14 

0.175 

118 

0  293 

0.15 

0.174 

113 

0.287 

0.16 

0.172 

L 

108 

0  280 

0  17 

0.170 

1 

1 

1 

104 

0  274 

0  18 

0.169 

100 

0  269 

0  19 

0  168 

95 

0  263 

0.20 

0.167 

91 

0  258 

0.21 

0  165 

i 

i 

88 

0.253 

0.22 

0  164 

84 

0.248 

0.23 

0  163 

80 

0  243 

0.24 

0.161 

i 

i 

i 

i 

i 

i 

i 

77 

0.238 

0.25 

0.160 

74 

0.234 

0.26 

0.159 

71 

0.230 

0.27 

0.158 

67 

0.225 

0.28 

0.157 

64 

0.221 

0.29 

0.156 

62 

0.218 

0.30 

0.155 

59 

0.214 

0.31 

0.154 

57 

0.211 

0.32 

0.152 

i 

i 

i 

55 

0.207 

0.33 

0.151 

53 

0.204 

0.34 

0.150 

51 

0  201 

0.35 

0.149 

49 

0.198 

0.375 

0.147 

i 

45 

0.192 

0.40 

0.146 

41 

0.187 

0.425 

0.144 

1 

2 

39 

0.183 

0.45 

0.143 

36 

0  179 

0.475 

0.141 

1 

1 

1 

1 

0 

34 

0.175 

0.50 

0.140 

32 

0  172 

0.525 

0.139 

30 

0  169 

0.55 

0.138 

29 

0  167 

0.575 

0.137 

28 

0  165 

0  60 

0.137 

0 

26 

0.163 

0.65 

0.135 

1 

24 

0  159 

0.70 

0.134 

22 

0  156 

0.75 

0.132 

1 

1 

20 

0  152 

0  80 

0.131 

18 

0  149 

0.85 

0.130 

16 

0  146 

0  90 

0.128 

1 

1 

5 

15 

0  143 

0.95 

0.127 

13 

0  140 

1.00 

0  126 

11 

0  137 

1.1 

0  121 

11 

0.132 

1.2 

0.117 

9 

0  126 

1.3 

0.112 

9 

0  121 

1.4 

0.108 

8 

0.110 

Az 

z  =  12 

A0 

A, 

210 

0  534 

15 

14 

14 

12 

284 

204 

0.519 

274 

198 

0  505 

264 

191 

0.491 

255 

186 

0.479 

246 

12 

180 

0.467 

11 

11 

9 

10 

238 

176 

0  456 

230 

171 

0.445 

224 

167 

0.436 

217 

163 

0  426 

211 

9 

159 

0  417 

8 

8 

8 

8 

205 

156 

0  409 

199 

153 

0.401 

193 

150 

0  393 

188 

147 

0.385 

183 

7 

144 

0.378 

178 

142 

0.372 

0 

173 

140 

0.365 

7 

168 

138 

0.359 

6 

6 

164 

135 

0.353 

159 

6 

133 

0.347 

6 

5 

5 

5 

156 

130 

0.341 

154 

129 

0.336 

152 

127 

0.331 

149 

125 

0.326 

146 

5 

123 

0.321 

144 

118 

0.310 

11 

139 

112 

0.299 

11 

134 

107 

0  290 

9 

129 

102 

0.281 

9 

124 

9 

97 

0.272 

8 

7 

7 

7 

121 

92 

0.264 

117 

88 

0  257 

113 

83 

0  250 

109 

78 

0.243 

106 

6 

74 

0.237 

11 

103 

67 

0.226 

97 

59 

0  215 

11 

93 

54 

0.206 

9 

87 

49 

0  198 

8 

83 

8 

44 

0  190 

8 

79 

39 

0.182 

76 

36 

0.176 

6 

7 

72 

32 

0. 169 

69 

10 

27 

23 

0.159 

0  149 

10 

62 

56 

19 

0. 140 

52 

17 

0.133 

47 

z  =  13 

Ac 

A, 

z  =  14 

A  o 

0  818 

362 

1.18 

0  793 

lo 

357 

1.15 

3 

0  769 

341 

111 

4 

0.746 

334 

1.08 

3 

0  725 

325 

1.05 

3 

20 

3 

0.705 

315 

1.02 

0  686 

19 

308 

0  994 

26 

0.669 

1/ 

301 

0  970 

24 

0.653 

lo 

294 

0  947 

23 

0.637 

287 

0  924 

16 

15 

21 

0  622 

281 

0  903 

0  608 

275 

0  883 

1\) 

0.594 

269 

0  863 

0.581 

263 

0.844 

0.568 

258 

0.826 

12 

19 

0.556 

251 

0  807 

0.545 

247 

0  792 

0.533 

243 

0  776 

0.523 

238 

0  761 

0.512 

234 

0  746 

9 

14 

0.503 

229 

0  732 

10 

0.495 

227 

0.722 

0.488 

223 

0.711 

0  480 

220 

0  700 

11 

0.472 

217 

0.689 

7 

10 

0  465 

214 

0.679 

23 

0.449 

207 

0.656 

22 

0.433 

14 

201 

0.634 

20 

0  419 

14 

195 

0  614 

19 

0.405 

190 

0  595 

12 

18 

0.393 

184 

0  577 

17 

0.381 

179 

0  560 

16 

0.370 

174 

0.544 

15 

0.359 

170 

0  529 

14 

0.349 

166 

0  515 

9 

12 

0.340 

163 

0  503 

24 

0.323 

15 

156 

0.479 

22 

0.308 

149 

0.457 

20 

0  293 

144 

0  437 

18 

0.281 

138 

0.419 

12 

17 

0  269 

133 

0  402 

15 

0.258 

129 

0  387 

15 

0.248 

124 

0  372 

13 

0.238 

121 

0.359 

17 

26 

0.221 

112 

0  333 

25 

0.205 

103 

0  308 

22 

0.192 

94 

0  286 

16 

0.180 

90 

0.270 
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Table  14.3.  Values  of  the  Function  Ph  ( Continued ) 
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Table  14.3.  Values  of  the  Function  Ph  ( Continued ) 


a 

a  =  10 

Ay 

A, 

i  =  11 

Ay 

A. 

N 

li 

to 

Ay 

A, 

2  =  13 

Ay 

A.. 

2  =  14 

A  o 

87 

89 

93 

124 

207 

16  0 

17  0 

0.00238 

0.00177 

61 

50 

36 

29 

7 

5 

0  00245 

0  00182 

63 

51 

38 

29 

37 

26 

0  00282 

0  00208 

74 

58 

43 

34 

132 

107 

0  00414 

0  00315 

99 

81 

62 

55 

326 

264 

0  00740 
0.00579 

161 

e 

4 

18.0 

0.00127 

4 

0.00131 

19 

0  00150 

84 

0.00234 

206 

0.00440 

139 

r 

19.0 

0  00091 

2 

0.00003 

14 

II  0(1107 

65 

0  00172 

158 

0.00323 

117 

96 

C 

i 

20.0 

0.00062 

2 

0  00064 

9 

0  00073 

44 

0  00117 

110 

0  00227 

1 

208 

217 

242 

380 

72 

21  0 

0  000412 

157 

110 

67 

403 

11 

0  000423 

161 

113 

69 

41 

65 

0  000488 

183 

130 

80 

478 

302 

0  000790 

287 

185 

148 

873 

760 

0  00155 

54 

365 

289 

175 

1 

22.0 

0  000255 

7 

0.000262 

43 

0.000305 

198 

0.000503 

507 

0.00101 

23.0 

0.000145 

4 

0  000149 

26 

0.000175 

143 

0  000318 

327 

0  000645 

e 

24.0 

0  0>78 

2 

0  0'NO 

15 

0.0*95 

75 

0  000170 

186 

0  000356 

3 

25.0 

0.0*377 

13 

0  0*390 

82 

0.0*472 

355 

0  0*827 

983 

0  000181 

i 

217 

225 

265 

422 

885 

26.0 

27.0 

28.0 

29  0 
30.0 

0  0*160 

0  0*60 

0  0*108 

0.0*39 

0. 0*104 

100 

492 

69 

286 

5 

2 

6 

2 

6 

0.0*165 

0  0*62 

0 . 0s  1 1 4 

0  0*41 

0  0*11 

103 

506 

73 

30 

42 

20 

150 

40 

10 

0  0*207 
0.0*82 

0  0*264 

0  0*81 

0  0*21 

125 

556 

183 

60 

198 

101 

301 

118 

37 

0  0*405 

0  0*183 

0  0*565 

0.0*199 

0  0*58 

222 

1265 

366 

141 

520 

250 

855 

292 

101 

0  0*925 
0.0*433 
0.0*142 

0  0*491 

0  0*159 

492 

291 

929 

332 

9 

4 

1 

6 

2 

88 

92 

164 

41 

102 

31.0 

32.0 

33.0 

34.0 

0.0'16 

0.0*6 

0  0*18 

0  0>“24 

154 

42 

156 

18 

2 

7 

8 

9 

0.0'18 

0.0*13 

0  0*26 

0 . 0*°33 

167 

104 

227 

266 

28 

83 

154 

397 

0.0*46 

0  0*96 

0  0*18 
0.0*43 

364 

78 

137 

42 

124 

434 

152 

577 

0  0*17 

0  0753 

0  07 1 7 

0  0*62 

117 

36 

108 

401 

40 

157 

58 

228 

0  0*57 

0  0*21 

0.0*75 

0 . 0729 

36 

135 

46 

181 

1 

35.0 

0.0' ‘60 

4 

0.0"64 

36 

0.0>°1 

218 

0  0*219 

871 

0.07109 

1 

40.0 
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Table  14.3.  Values  of  the  Function  Ph  ( Continued ) 


0 

z  = 

0.30 

1.04 

0.31 

1  02 

0  32 

1.01 

0.33 

0.993 

0  34 

0  979 

0.35 

0  965 

0.375 

0  934 

0.40 

0.904 

0  425 

0.876 

0.45 

0.850 

0  475 

0.826 

0.50 

0  S03 

0.525 

0.781 

3.55 

!0  761 

3  575 

0.742 

3.60 

0.725 

3.650 

0.692 

70 

0  662 

3.75 

0.635 

3  80 

0  610 

3.85 

0  588 

90 

0  566 

.95 

0  547 

00 

0  528 

1 

0.492 

.2 

0  459 

.3 

0.430 

.4 

0  406 

.5 

0.384 

.6 

0  363 

.7 

0.344 

.8 

0  326 

.9 

0  310 

0 

0.296 

1 

0.282 

2 

0  270 

.3 

0.260 

.4 

0  251 

5 

0  243 

6 

3  235 

7 

3.228 

8 

3  221 

9 

3  215 

0 

3.209 

1 

3  203 

2 

3.197 

3 

3.192 

4 

3  187 

1 

2 
1 

17 

14 

14 

31 

30 

28 

26 

24 

23 

22 

20 

19 

17 

33 

30 

27 

25 

22 


A* 


22 

19 

19 

36 

33 

29 

24 

22 

21 

19 

18 

16 

14 

14 

12 

10 

9 

8 

8 

7 

7 

6 


38 

38 

37 

367 

361 

355 

346 

336 

334 

320 

314 

307 

299 

289 

288 

285 

272 

263 


2  =  16 


1.42 

1.40 

1.38 

1.36 

1.34 

1.32 

1.28 

1.24 

1.21 

1.17 

1.14 

Ml 

1.08 

1.05 

1.03 

1.01 
0  964 
0  925 


254  0  889 


247 


0  857 


239  0  827 
233  0  799 


226 

221 

210 

201 

193 

185 

177 

170 

164 

158 

153 

148 

144 

139 

135 


0  773 
0  749 

0.702 
0  660 
0.623 
0  591 

0  561 
0.533 
0  508 
0.484 
0.463 

0.444 
0.426 
0  409 
0.395 


131  0  382 

127  0  370 
124  0  359 
119  0  347 
115  0  336 
112  0.327 

109  0.318 
106  0.309 
104  0.301 
101  0  293 
98  0  285 


46 
39 

36 
32 

30 

28 

26 

24 

47 

42 

37 
32 

30 

28 

25 
24 
21 

19 

18 

17 

14 

13 

12 

11 

12 

11 


A/ 


48 

47 

47 

46 

46 


45  1 
44 


z  =  17 


1.90 
1.87 
1.85 
1.82 
1  80 


71 

1.72 
1.67 
1  62 


40  1.57 


39 

38 

38 

37 

36 


35 
336 
325 
311 
303  1 


1.53 
1  49 
1  46 
1.42 

1  39 


293 

291 

277 

271 


1.36 
1.30 
1  25 
1.20 
16 


12 

09 

05 

03 


260  0.962 
250|0 .910 
240  0.863 
232  0  823 


0  785 
0  750 
0.718 
0.687 
0  660 


224 
217 
210 
203 
197 

191  0  635 
186  0.612 
180  0  589 
175  0  570 
170  0.552 


164 


0.534 


159  0  518 


0  503 
0.489 
0.475 


156 
153 
148 

143  0.461 
139  0.448 
135  0.436 
132 ! 0 . 425 
129  0.414 


Aa 


A, 


58 

52 

47 

40 

38 

35 

32 

31 

27 

25 

23 

23 

19 

18 

18 

16 

15 

14 

14 

14 

13 

12 

11 

11 


2  =  18 


45 
44 
42  1 
42 

41 


40 

39 

38 

37 

36 

35 

33 

33 

32 

308 

300 

287 

277 


2.43 

2.40 

2.37 

2.34 

2.31 

2.28 

2.21 

2.15 

2.09 

2.03 


1.98 

1.93 

88 

1.84 

1.80 


265 
260  1 
254 
248 
241 


1  76 
1.69 
1.63 
1  57 
1.52 

1.47 

1.42 

1.38 

1.34 

1.27 
1.21 
1.15 
1  10 


234 

227 

222 

215 

208 

203 

197 

192 

186 

181 


177 

172 


05 
01 
0.972 
0  935 
0.901 


0.869 

0.839 

0.811 

0.785 

0.760 

0  737 
0  715 
0  695 
0  675 
0  656 


0  638 
0  620 
168  0  604 


163 

159 


0  588 
0  573 


An 


A, 


3.02 

2.98 

2.95 

2.91 

2.87 

2.84 


55  2.76 


53 

52 

51 

50 

49 

48 

47 

46 

45 

44 

42 

41 

39 

39 

38 

37 

36 

35 

34 

33 

32 


4 

38 

37 

34 

32 

30 

28 

26 

25 

23 

22 

20 

20 

19 

18 

18 

16 

16 

15 


32 

31 

298 


279 

271 

261 

259 

255 

250 

239 

332 

225 

219 

213 

207 

202 

196 

191 

186 


2.68 
2.61 
2  54 

2.48 

2.42 

2.36 
2.31 
2.26 

2.21 
2.13 
2  05 
1.98 
1.91 

1.86 

1.80 

1.75 

1.70 

1  62 
1.55 

1.48 

1.42 

1.37 
1  32 

.27 


28 5  1 . 22 


1.18 

1.14 
1.10 
1.07 
1  04 
1  01 

0  976 
0  947 
0  920 
0  894 
0  869 

0  845 
0  822 
0  800 
0  779 
0  759 


Aj 

*  =  20 

6< 

>3.68 

61 

3.64 

c 

63 

3.59 

64 

3  55 

63 

3.50 

3 

8 

8 

63 

3.47 

61 

3.37 

59 

3.27 

58 

3.19 

57 

3.11 

6 

55 

3.03 

6 

54 

2.96 

54 

2.90 

52 

2  83 

51 

2.77 

5 

8 

8 

51 

2.72 

49 

2.62 

47 

2  52 

7 

46 

2.44 

45 

2.36 

5 

6 

43 

2.29 

42 

2.22 

41 

2.16 

40 

2. 10 

8 

7 

39 

2.01 

38 

1.93 

37 

1.85 

36 

1.78 

5 

35 

1.72 

34 

1.66 

33 

1.60 

4 

33 

1.55 

32 

1  50 

4 

31 

1  45 

30 

1.40 

29 

1.36 

28 

1.32 

27 

1.28 

34 

29 

27. 

26. 

264 

1.24 

253 

1.20 

250 

1.17 

246 

1.14 

25 

>41 

.11 

24 

23 

22; 

2i; 

2°; 

235 

.08 

228 

.05 

>30  1.03 

>20  0.999 

14  0.973 

An 


A, 


3 

2 

31 

26 


73 

72 

72 

71 

70 

69 

67 

66 

64 

63 

62 

61 

59 

58 

57 

56 

54 

53 

51 

50 

49 

47 

46 

45 

44 

42 

41 

40 

38 

37 

37 

35 

34 

34 

34 

33 

32 

31 

30 

30 

29 

28 

27 


26 

25 

24 

241 

237 
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Table  14.3.  Values  of  the  Function  P,t  ( Continued ) 


3.5 

3.6 

3.7 

3.8 

3.9 


4.0 

4.5 
5.0 

5.5 


6.0 

6.5 
7.0 

7.5 


8.0 

8.5 
9.0 

9.5 
10.0 


10.5 
11.0 

11.5 
12.0 

12.5 


13.0 

13.5 
14.0 

14.5 
15  0 


16  0 
17  0 
18.0 
19.0 
20.0 


2  =  15 


0.182 
0.177 
0.172 
0  168 
0.164 


0.160 

0.142 

0.127 

0.114 


0.102 
0  0930 
0  0844 
0.0764 


0  0697 
0.0636 
0.0581 
0  0531 
0.0485 


0  0441 
0  0399 
0.0358 
0  0322 
0.0291 


0  0261 
0  0233 
0.0208 
0.0185 
0  0165 


21.0 

22.0 

23.0 

24.0 

25.0 


26.0 

27.0 

28.0 

29.0 

30.0 


31  0 
32.0 
33.0 
34.0 
35.0 


0  0134 
0  0105 
0.00782 
0.00572 
0.00411 


0  00285 
0  00190 
0  00125 
0  000700 
0.000367 


0  000192 
0.0*923 
0  0*320 
0  0*114 
0.0*415 


0.0*154 
0  0*58 
0  0'21 
0 . 078 1 
0  07308 


12 


67 


A2 


z  =  16 


88 


0  277 
0  270 
0.263 


0.256 


86 


0.250 


55 

500 

456 

416 


0.244 
0.217 
0.194 
0  174 


0.157 
0.143 
0  130 
0.118 


373 

343 

318 

291 

269 


44 


0.107 
0  0979 
0  0899 
0.0822 
0.0754 


247 

226 

208 

190 

172 


157 

142 


0  0688 
0.0625 
0  0566 
0.0512 
0  0463 


0  0418 
0  0375 


128]  0 . 0336 
2,il  117 


20 


31 


29 

268 

210 

161 


105 


0.0302 

0.0270 


83 

65 

508 

388 

284 


126 


95 

65 

55 

333 


204 

140 

98 

57 

314 


175 


997 

603 

206 

725 


261 


96 

37 

129 

502 


0  0217 
0  0170 
0  0129 
0  00960 
0.00695 


174 

867 

340 

139 

565 


209 

78 

28 

109 

420 


0  00489 
0.00330 
0.00223 
0.00127 
0.000681 


0  000366 
0  000179 
0.0*680 
0.0*253 
0  0*980 


0  0*363 
0  0*136 
0  0"49 
0  0' 190 
0  07728 


27 

23 

20 


17 


11 


91 

80 

77 

68 


66 


63 

59 

54 

49 


45 


43 

39 

34 

28 


53 


47 

41 

330 

265 


206 


159 

107 

96 

589 


315 


187 

1130 

407 

1550 


617 


227 

107 

300 

1172 


126 

122 

119 

117 

114 


z  =  17 


111 

98 

88 


403 

392 

382 

373 

364 


80 


50 

461 

421 

388 

356 


332 

303 

279 

257 

236 


214 

195 

178 

161 

145 


116 

93 

74 

580 

425 


355 

315 

282 

254 


229 

209 

191 

173 


157 

144 

132 

121 

111 


102 

0928 

0845 

0769 

0699 


0632 

0570 

0514 

0463 

0415 


312 

218 

141 

88 

519 


279 

137 

600 

249 


0333 

0263 

0203 

0154 

0112 


00801 

00548 

00364 

00215 

00120 


Az 


1050 


000645 

000316 

000126 

0*502 

0*203 


404 
1 56  i  0 
57  0 
224  0 
852  0 


0*767 

0*292 

0*106 

0'414 

0*158 


11 


40 

33 

28 


25 


20 

18 

18 


16 


11 

10 


92 

83 


76 

70 


z  =  18 


155  0.558 
152*0. 544 
148  0.530 


138 

124 

111 


0.517 

0.505 


0.493 

0.439 

0.393 


100 


91 


82 


0.354 


0.320 


64 


0.291 


0  265 
0.242 


0.221 
59  0.203 
54  0.186 
50  0.171 
46*  0 . 1 57 


42 

392 


0  144 
0.132 
365|0  121 
331  0.110 
301  0  100 


67 


280 


256 

234 

212 


82 


70 

60 


49 

42 


319 


253 

184 

149 

95 


555 


0  0912 


0  0826 
0  0748 
0  0675 


192  0.0607 


155,0  0488 
126  0.0389 
100  0  0303 


0.0231 

0.0172 


449 

316 

203 


0  0125 
0  00864 
0.00567 
13ojo  00345 
80  0.00200 


329 

190 

758 

299 


425 

203 

102 


1263 


475 

186 

646 

256 


0  00107 
0  000519 
0  000228 
43l|0  0*933 
171  0  0*374 


713  0.0*148 
285  0  0*577 
105  0  0*211 
419  0  0*833 
162 1 0  0*320 


A» 


15 


181 

177 

174 

170 

165 


12 


54 

46 


21 


18 

17 

15 

14 


13 


88 


119 


99 

86 


Az 


161 

144 

130 

118 


z  =  19 


0  739 
0.721 
0  704 
0.687 
0.670 


0.654 
0  583 
0  523 
0.472 


108 

99 

91 

84 


0.428 
0  390 
0  356 
0.326 


0.299 
0.275 
0  252 
0.231 
0.213 


0  196 
0  180 
0  165 
0.151 
0.138 


348 

314 

292 

265 

244 


199 

160 

128 

101 

76 


47 


386 

297 


222 

145 


57 

416 

284 

180 

105 


93 


551 

291 

1347 

559 


226 


903 

366 

1277 

513 


0  126 
0  114 
0.104 
0  0940 
0.0851 


0  0687 
0  0549 
0  0431 
0.0332 
0.0248 


58 

300 

141 

647 

266 


20 


A* 


18 


1210 


17 


205 


17 


200 


195 

190 


186 

168 

153 

140 


130 

118 

109 

100 


27 


17 


12 


12 

10 

100 

89 


164 


138 

118 

99 

84 


0  0182 
0  0128 
0  00851 
0.00525 
0  00305 


0  00165 

0.000819 

0.000369 

0.000158 

0.0*640 


103 

433 

189 

887 

412 


0.0*251 
0.0*101 
0  0*400 
0  0*172 
0.0*732 


66 


54 

429 

326 

220 


z  =  20 


0.949 
0.926 
0  904 
0  882 
0.860 


0.840 
0  751 
0  676 
0.612 


0.558 
0  508 
0  465 
0.426 


0  392 
0.261 
0.331 
0.305 
0.281 


0  259 
0.238 
0  218 
0.200 
0.184 


0  168 
0.153 
0  139 


330  0.127 


299 


0  115 


248 

204 

164 

130 

99 


0.0935 
0  0753 
0  0595 
0.0462 
0  0347 


74 

54 

379 

242 

111 


140 


831 

450 

211 

940 


389 


150 

610 

228 

988 


81 

431 

201 

96 

400 


165 

73 

327 

155 

734 


0.0256 
0  0182 
0  0123 
0  00767 
0  00446 


0  00246 
0.00125 
0.000570 
0  000254 
0  000104 


0.0*416 
0.0*174 
0  0*727 
0  0*327 
0.0*146 


24 


54 


34 


22 


16 


215 


182 

158 

133 

115 


91 


463 

321 


200 


121 

680 


316 

150 


624 


242 

1013 

400 

171 
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425 


15 

Aff 

At 

z  =  16 

A„ 

At 

z  =  17 

&0 

At 

2  =  18 

Ag 

At 

2  =  19 

Ag 

A, 

2  =  20 

Ag 

0  0*128 

0  07501 
0.0H82 

0  0*76 
0.0*34 

192 

779 

319 

106 

42 

188 

879 

391 

192 

90 

0  0*316 

0  0*138 
0.0T573 
0.07268 

0  07124 

416 

178 

807 

305 

144 

345 

162 

727 

360 

169 

0  0*661 

0  0*300 

0  0*130 

0  07628 

0  07293 

799 

361 

170 

672 

335 

609 

286 

129 

632 

299 


Table  14.3.  Values  of  the  Function  Ph  ( Continued ) 


21 


Ag 

At 

2  =  22 

Ag 

At 

2  =  23 

^<7 

At 

II 

Ag 

At 

z  =  25 

Ag 

At 

z  =  26 

110 

7.44 

118 

8.62 

125 

9.87 

131 

11.18 

137 

12.55 

ID 

108 

7.26 

115 

8.41 

122 

9.63 

128 

10.91 

135 

12.26 

10 

105 

7.08 

113 

8.21 

~  U 

120 

9.41 

125 

10.66 

60 

132 

11.98 

103 

6.92 

111 

8.03 

117 

9.20 

123 

10.43 

60 

130 

11.73 

101 

6.77 

108 

7.85 

115 

9.00 

121 

10.21 

127 

11.48 

12 

14 

16 

18 

20 

99 

6.63 

106 

7.69 

113 

8.82 

119 

10.01 

125 

11.26 

97 

6.49 

105 

7.54 

111 

8.65 

117 

9.82 

122 

11.04 

u 

95 

6.37 

12 

103 

7.40 

14 

109 

8.49 

115 

9.64 

120 

10.84 

9 

94 

6.25 

a 

101 

7.26 

12 

107 

8.33 

113 

9.46 

119 

10.65 

92 

6.14 

99 

7.13 

106 

8.19 

111 

9.30 

117 

10.47 

10 

ii 

12 

14 

15 

8 

8 

g 

91 

90 

88 

6.03 

5.94 

5.84 

9 

10 

g 

98 

96 

95 

7.01 

6.90 

6.79 

11 

11 

104 

103 

101 

8.05 

7.93 

7.80 

12 

13 

110 

108 

107 

9.15 

9.01 

8.87 

14 

14 

115 

114 

112 

10.30 

10  15 

9.99 

8 

87 

5.75 

Q 

94 

6.69 

100 

7.69 

105 

8.74 

13 

111 

9.85 

86 

5.66 

93 

6.59 

98 

7.57 

104 

8.61 

13 

110 

9.71 

7 

8 

10 

10 

ii 

7 

6 

85 

84 

5  58 

5.50 

8 

8 

91 

90 

6.49 

6  40 

9 

98 

96 

7.47 

7  36 

11 

103 

102 

8.50 

8.38 

12 

108 

107 

9.58 

9.45 

6 

82 

5.42 

Q 

89 

6.31 

7 

95 

7.26 

1U 

101 

8.27 

11 

106 

9.33 

7 

82 

5.36 

8 

88 

6.24 

94 

7.18 

o 

98 

8  16 

11 

105 

9.21 

81 

5.28 

87 

6.15 

93 

7.08 

1U 

99 

8.07 

9 

103 

9.10 

6 

7 

8 

9 

10 

5 

80 

5.21 

0 

86 

6.07 

7 

92 

6.99 

98 

7.97 

10 

102 

8.99 

5 

79 

5.15 

6 

85 

6.00 

7 

91 

6.91 

O 

96 

7.87 

102 

8.89 

5 

78 

5.09 

0 

84 

5  93 

7 

90 

6.83 

95 

7.78 

9 

101 

8.79 

6 

77 

5.03 

6 

83 

5.86 

a 

89 

6.75 

o 

95 

7.70 

8 

99 

8.69 

4 

77 

4.97 

83 

5  80 

88 

6.68 

/ 

94 

7.62 

8 

98 

8.60 

75 

74 

73 

71 

69 

6 

7 

7 

9 

12 

11 

10 

9 

4.91 

4.78 

4.66 

4.54 

4.43 

13 

12 

12 

11 

82 

80 

78 

76 

74 

5.73 

5.58 

5.44 

5.30 

5.17 

15 

14 

14 

13 

88 

85 

83 

82 

80 

6.61 

6.43 

6.27 

6.12 

5.97 

18 

16 

15 

15 

92 

91 

88 

86 

85 

7.53 

7.34 

7.15 

6.98 

6.82 

19 

19 

17 

16 

98 

95 

93 

91 

89 

8.51 

8.29 

8.08 

7.89 

7.71 

9 

68 

66 

65 

64 

63 

4.33 

4.23 

4.14 

4.05 

3  97 

10 

11 

13 

15 

8 

8 

8 

7 

10 

9 

9 

8 

73 

71 

70 

69 

68 

5.06 

4.94 

4.84 

4  74 

4.65 

12 

10 

10 

9 

78 

77 

75 

74 

73 

5.84 

5.71 

5.59 

5  48 

5  38 

13 

12 

11 

10 

83 

81 

80 

78 

77 

6.67 

6.52 

6.39 

6,26 

6  15 

15 

13 

13 

11 

87 

86 

84 

83 

81 

7.54 

7.38 

7.23 

7.09 

6  96 
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Table  14.3.  Values  of  the  Function  Ph  ( Continued ) 


8.0 

8.5 
9.0 

9.5 
10.0 

10  5 
11.0 

11.5 
12.0 

12.5 

13.0 

13.5 
14.0 

14.5 
15.0 

16.0 
17  0 
18.0 
19.0 
20.0 

21.0 

22.0 

23.0 

24.0 

25.0 

26  0 
>7.0 
28  0 
59  0 
10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16  0 
17.0 
18.0 
19.0 
10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

iO.O 


z  =  21 


0  497 
0.458 
0.422 
0.389 
0.358 

0.331 

0.304 

0.280 

0.257 

0.236 

0.217 
0.199 
0.181 
0  166 
0.151 

0.123 
0.100 
0  0796 
0.0622 
0  0469 

0.0349 
0  0250 
0  0171 
0  0108 
0  00634 

0.00360 
0  00188 
0  000851 
0  000391 
0  000163 

0  0*678 
0  0*296 
0  0*128 
0  05594 
0  0‘274 

0.0*127 
0  0*586 
0. 0*259 
0.0*126 
0.07592 


A. 


A, 


43 

39 

36 

33 

31 

27 

27 
24 
23 
21 

19 

18 

18 

15 

15 

28 

23 

204 

174 

153 

120 

99 

79 

63 

446 

274 

172 

1029 

460 

228 

952 

382 

168 

686 

320 

147 

684 

327 

133 

668 


118 

110 

102 

95 

89 

82 

77 

71 

67 

62 

57 

53 

49 

45 

42 

36 

29 

234 

194 

152 

117 

87 

62 

41 

249 

151 

84 

389 

187 

84 

392 

190 

89 

426 

209 

100 

474 

214 

106 

498 


z  =  22 


0.615 
0.568 
0  524 
0.484 
0.447 

0.413 
0.381 
0.351 
0  324 
0.298 

0.274 
0.252 
0.230 
0.211 
0  193 

0.159 
0  129 
0.103 
0  0816 
0  0621 

0  0466 
0.0337 
0  0233 
0  0149 
0  00883 

0  00511 
0  00272 
0  00124 
0  000578 
0.000247 

0  000107 
0  0*486 
0.0*217 
0  0*102 
0  0*483 

0.0*227 
0.0*106 
0  0*473 
0  0*232 
0  0*109 


52 


34 


24 

22 

22 

19 

18 

34 

30 

26 

214 

195 

155 

129 

104 

84 

607 

372 

239 

148 

662 

331 

140 

584 

269 

115 

537 

256 

121 

587 

241 

123 


A, 

z  =  23 

A; 

II 

N 

A,/ 

Az 

II 

62 

73 

131 

122 

114 

0.746 

0.690 

0.638 

56 

52 

48 

44 

145 

135 

126 

0.891 

0.825 

0  764 

66 

61 

56 

51 

159 

149 

140 

1.05 

0.974 

0.904 

106 

0.590 

118 

0.708 

131 

0  839 

99 

0.546 

111 

0.657 

122 

0.779 

40 

48 

93 

0  506 

38 

36 

33 

30 

103 

0.609 

45 

42 

38 

37 

115 

0  724 

87 

0  468 

96 

0.564 

108 

0  672 

81 

0.432 

90 

0.522 

101 

0.623 

75 

0.399 

85 

0.484 

94 

0.578 

71 

0.369 

78 

0.447 

88 

0.535 

29 

34 

66 

0.340 

27 

26 

24 

22 

73 

0.413 

32 

31 

28 

26 

82 

0.495 

61 

0.313 

68 

0.381 

76 

0.457 

57 

0  287 

63 

0  350 

71 

0  421 

52 

0  263 

59 

0.322 

66 

0.388 

48 

0  241 

55 

0.296 

61 

0.357 

41 

50 

41 

0.200 

37 

32 

27 

236 

46 

0.246 

43 

39 

33 

29 

53 

0.299 

34 

0  163 

40 

0.203 

44 

0.247 

28 

0  131 

32 

0.164 

38 

0.202 

224 

0.104 

27 

0  131 

31 

0.162 

183 

0.0804 

236 

0  102 

25 

0  127 

195 

243 

143 

0  0609 

165 

134 

140 

168 

0  0777 

206 

167 

140 

102 

199 

0.0976 

107 

0  0444 

127 

0  0571 

151 

0.0722 

77 

0  0310 

94 

0  0404 

110 

0  0514 

51 

0  0200 

79 

64 

0  0264 

78 

0  0342 

327 

0  0121 

41 

0  0162 

51 

0.0213 

508 

675 

191 

0  00702 

325 

200 

945 

462 

243 

0.00945 

435 

266 

129 

624 

305 

0.0125 

105 

0.00377 

133 

0  00510 

164 

0.00674 

53 

0  00177 

67 

0  00244 

87 

0.00331 

247 

0  000825 

325 

0.00115 

43 

0  00158 

116 

0  000363 

163 

0  000526 

216 

0  000742 

198 

279 

58 

281 

133 

65 

0  000165 
0  0*767 

0  0*350 

0  0*167 

883 

417 

183 

873 

82 

403 

191 

93 

0  000247 
0  000117 
0  0*541 

0  0*260 

130 

629 

281 

135 

109 

54 

264 

128 

0.000356 

0.000171 

0.0*805 

0.0*388 

314 

0  0*797 

453 

0  0*125 

62 

0  0*187 

421 

655 

149 

0  0*376 

1QQ 

219 

0  0*595 

314 

155 

639 

329 

298 

0.0*893 

71 

0.0*177 

979 

402 

206 

104 

0.0*281 

142 

0.0*423 

318 

0.0*791 

469 

0.0*126 

64 

0  0*190 

157 

0.0*389 

232 

0  0*621 

318 

0  0*939 

74 

0  0*183 

109 

0  0*292 

150 

0.0*442 

76 

70 

65 

60 

55 

52 

49 

45 

43 

40 

38 

36 

33 

31 

58 

52 

45 

40 

35 

294 

254 

208 

172 
129 

88 

576 

343 

173 
838 

386 

185 

905 

417 

201 

977 

470 

233 

961 

497 


A, 


17 

156 

146 

140 
131 

123 

116 

109 
102 

96 

89 

83 

78 

72 

67 

58 

50 

42 

35 

29 

224 

173 

127 

93 

62 

37 

203 

110 
54 

278 

141 
71 

335 

163 

80 

397 

190 

87 

431 

203 


z  =  26 


1.22 
1.13 
1  05 
0  979 
0.910 

0  847 
0.788 
0.732 
0  680 
0.631 

0.584 

0.540 

0.499 

0.460 

0.424 

0.357 
0.297 
0.244 
0  197 
0  156 

0  120 
0.0895 
0  0641 
0  0435 
0.0275 

0  0162 
0  00877 
0  00441 
0  00212 
0  00102 

0  000497 
0.000242 
0  000114 
0  0*551 
0  0*267 

0  0*129 
0  0*613 
0.0*277 
0  0*137 
0  0*645 

0  0*305 
0  0*147 
0  0768 
0  0733 
0  0716 

0  0*73 
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several  years,  the  latter  table  finally  became  Table  14.3,  an  importa 
working  table  in  the  new  process  calculation  procedure. 


The  Function  Pc 

The  development  of  Table  14.4  was  done  through  a  process  that  w 
very  similar  to  that  which  was  just  described  for  the  development 
lable  14.o.  the  relationship  between  pc  and  Pc ,  presented  in  (14.  lij 

was  developed  by  the  same  process  as  that  given  for  the  developme 
of  (14. lie). 


Vc 


cPcZi 

F 


(14.11 


Using  (14. 11/),  values  of  pc  were  calculated  for  the  conditions  c  =  5 
T\  =  220,  U i  =  0.1  for  the  following  values  of  z:  80,  70,  GO,  50,  40,  3 
26,  and  22,  for  five  values  of  g,  viz.,  30,  5.G2,  1.00,  0.562,  and  0.1,  whi< 
correspond  to  ty  values  for  the  heating  curve  of  0.52,  1.25,  2.00,  2.2 
and  3.00,  respectively,  and  for  the  following  four  values  of  130,  17 
230,  and  260. 

Values  of  Pc  were  taken  from  the  curves  of  Fig.  14.3,  and  values  of 
were  taken  from  Table  14.2 B.  Values  of  Z x  were  taken  from  Table  12. 
The  purpose  of  these  calculations  was  to  learn  whether  or  not  Pc  vain 
made  a  consistent  series  of  values  when  c  =  50. 

Straight-line  curves  wrere  plotted  to  log-log  coordinates  representii 
each  of  the  four  values  of  i/o  in  combination  with  g  values  of  5.62  ai: 
30  and  of  each  of  three  values  of  g,  viz.,  0.1,  0.562,  and  1.0,  in  combinatic 
with  i/i  value  of  130.  From  these  curves,  which  are  not  presentc 
herein,  values  of  z-pc  were  taken  and  were  converted  to  z-Pc  values  1 
means  of  (14. 11/).  These  values  were  plotted  on  Fig.  14.3  and  results 
in  some  relocation  of  the  Pc-\p x  curves  for  values  of  z  between  10  and  30 

Figure  14.3  is  comprised  of  six  sections,  each  of  which  contains  tl 
Pc-g  curves  which  apply  to  one  value  of  i/o.  The  six  values  of  i/n  f< 
which  the  curves  are  plotted  are  130,  150,  170,  200,  230,  and  260.  Ft 
\P !  =  130,  the  Pc-g  curves  cover  the  range  g  =  0  to  g  =  20,  for  \p\  —  15' 
the  range  g  =  0  to  g  =  25,  and  for  the  other  four  values  of  \ph  the  ran£ 
g  =  0  to  g  =  30.  For  each  section,  the  vertical  line  that  is  marked  £ 
the  top  with  the  value  of  \J/ 1  represents  g  =  0. 

From  the  final  curves  of  Fig.  14.3,  which  differed  somewhat  from  tl 
curves  shown  in  Fig.  14.3,  a  complete  table  (Table  14.4)  of  relath 
values  of  Pc,  i/o,  and  g  was  compiled.  The  values  of  Pc  were  determine 
with  the  use  of  (14.12)  (page  443),  which  was  developed  as  follows. 

Loci  of  the  intercepts  of  the  six  Pc-g  curves  representing  a  given  value  < 
z,  or  i,  with  their  respective  vertical  axes,  at  which  g  =  0,  are  straight  lino 
parallel  to  each  other  with  a  slant  which  is  opposite  in  sense  to  the  slai 
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i  0 


005 


002 


0.01 


0.005 


0002 


0001 


185  200 

+  g  (V) 


Pp9  Cl,'rVeS'  F°r  examP'e>  °'>e  of  these  loci  is  line  AB  Fig  14  3 

12  ,’ffh  ",  ,eS’  °°  aPart  0,1  the  «alo,  were  read  on  each 

-  .  le  loci,  a  slope-value  calculation  was  made  on  each  of  the  12  loci 

1  ,h6Se  Va,UCS  WaS  UkCn  “  «"  v»l«e  of  the  lod! 

A  Slope  value  X  was  determined  graphically  for  each  Pc-g  curve,  and 
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Table  14.4.  Value  of  Function  Pc 
*1  =  125 


2  =  11 

Ag 

A*  z 

0.0241 

173  0 

0.0235 

169  0 

0 . 0225 

163  0 

0.0216 

157  0 

0.0207 

17 

151  0 

0.0190 

L5 

140  0 

0  0175 

14 

130  0 

0.0161 

u 

120  0 

0  0147 

11 

112  0 

0  0136 

11 

103  0 

0.0125 

14 

95  0 

0.0114 

Q 

89  0 

0  0105 

Q 

83  0 

) 0.0097 

w 

76  C 

>  0  0089 

7 

71  f 

2  0.0082 

7 

65  C 

1  0.0075 

0 

61  C 

5  0.0069 

0 

56  C 

2  0.0003 

5 

53  C 

3  0  0058 

4 

49  0 

1  0.0054 

89 

44  0 

2  0.00451 

72 

389 

2  0.00379 

58 

331 

2  0  00321 

51 

279 

7  0.00270 

44 

240  0 

2  0.00226 

35 

214 

4  0.00191 

28 

179 

0  0.00163 

24 

157 

9  0.00139 

24 

131 

4  0  00115 

17 

115 

5  0  00098 

14 

102 

9  0.00084 

14 

86 

0  0  00070 

11 

70 

4  0  0005S 

10 

61 

8  0  0004! 

7 

51 

5  0.00045 

6 

45 

2  0.00030 

0 

38 

8  0.00030 

5 

32 

5  0.0002; 

4 

29 

2  0.0002 

4 

25 

0  o.ooor 

4 

21 

7  O.OOOi: 

5  7 

17 

3  0. 046 

3 

8 

2  0.043 

2 

3 

60  0'1 

5 

2 

3  0. 055 

5 

N 

II 

CO 

Ag 

Az  z 

0.0659 

15 

25 

23 

23 

42 

321  0 

0  0644 

315  0 

0.0619 

305  0 

0.0596 

295  0 

0 . 0573 

285  0 

0.0531 

39 

37 

34 

31 

29 

266  0 

0.0492 

248  0 

0.0455 

233  0 

0.0421 

218  0 

0  0390 

203  0 

0.0361 

27 

24 

24 

20 

20 

190  0 

0  0334 

178  0 

0.0310 

165  0 

0 . 0286 

156  0 

0 . 0266 

144  0 

0.0246 

18 

17 

16 

15 

13 

24 

135  0 

0.0228 

125  0 

0.0211 

117  0 

0  0195 

110  0 

0.0180 

103  C 

0.0167 

96  C 

1  0.0143 

20 

18 

16 

12 

11 

84  C 

2 0.0123 

72  C 

3  0.0105 

64  C 

1  0 . 0089 

54  ( 

i  0 . 0077 

49  ( 

4  0  0066 

10 

7 

43 

4  0 . 0056 

38 

2  0  0049 

7 

32 

9  0 . 0042 

6 

5 

28 

6  0  0036 

24 

0  0.0031 

21 

0  0  0026 

4 

3 

19 

0  0  0022 

17 

00.0019 

2 

14 

3  0.0017 

3 

11 

6  0.0014 

2 

10 

8  0.0012 

2 

9 

6  0.0010 

I 

: 

8 

4  0.0008 

7 

2  0 . 0008 

6 

0  0.0007 

4 

5 

6  0 . 0002 

1 

1 3 

3 

4  0 . 0001 

1 

4  0. 047 

3  0. 044 

3 

3 

2 

Az 

=  15 

410 

0. 139 

401 

0.  136 

386 

0.131 

379 

0.  127 

362 

0.122 

243 

0. 114 

320 

0. 106 

301 

0.0989 

283 

0.0922 

266 

0.0859 

249 

0 . 0800 

233 

0.0745 

218 

0 . 0693 

195 

0 . 0647 

193 

0 . 0603 

180 

0.0561 

169 

0.0522 

160 

0 . 0488 

149 

0 . 0454 

141 

0.0424 

132 

0 . 0395 

125 

0.0342 

102 

0  0297 

89 

0.0258 

81 

0.0224 

68 

0  0194 

59 

0.0168 

53 

0.0147 

46 

0.0127 

40 

0  0110 

30 

0 . 0096 

31 

0 . 0083 

26 

0.0071 

23 

0 . 0062 

21 

0.0054 

19 

0  0047 

17 

0.0041 

15 

0  0036 

13 

0  0031 

:  11 

0 . 0027 

!  ! 

0.0023 

.  8 

0.0020 

0  0010 

0 . 0005 

l 

0.0002 

1 

0.0001 

z  =  10 


o.  10 
0.25 
0.50 
0.75 
1.00 


0.0124 
0.0120 
0  0115 
0.0110 
0.0105 


1.5 

2.0 

2.5 
3.0 

3.5 


4.0 

4.5 
5.0 

5.5 
6.0 


0.0090 

0.0088 

0.0081 

0.0074 

0.0067 


0.0061 

0.0056 

0.0051 

0.0047 

0.0043 


6.5 
7.0 

7.5 
8.0 

8.5 
9.0 


10.0 

11.0 

12.0 

13.0 

14.0 


15.0 
16.0 
17  0 
18.0 
19  0 


0.0040 

0.0037 

0.0034 

0.0031 

0.0028 

0.0025 


0.00219 
0  00177 
0  00149 
0.00123 
0  00104 


0.00087 
0.00073 
0.00060 
0  00051 
0.00043 


20.0 

21.0 

22.0 

23.0 

24.0 


25.0 

26.0 

27.0 

28.0 

29.0 


0 . 00035 
0.00030 
0 . 00025 
0.00021 
0.00017 


A, 


z  =  12 


0.00014 

0.00012 

0.00010 

0.049 

0.047 


30  0 
35  0 
40.0 
45  0 
50.0 


0.046 
0.043 
0.041 
0. 054 
0.052 


A, 


245 

240 

231 

223 

215 


201 


151 


z  =  14 


0.00074 
0 . 00062 
0.00054 
0.00046 
0.00038 


0  00030 
0  00014 
0. 046 
0  043 
0  041 


0081 

.0070 


0.0016 


0.0012 
0.0006 
0.0003 
0.0001 
0. 046 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 
\p\  —  125 


0 

z  =  16 

0.10 

0. 189 

0.25 

0.  185 

0.50 

0. 179 

0.75 

0.173 

1.00 

0.167 

1.50 

0.156 

2.0 

0.  146 

2.5 

0.136 

3.0 

0.127 

3.5 

0.119 

4.0 

0.  Ill 

4.5 

0.104 

5.0 

0.0971 

5.5 

0.0906 

6.0 

0.0847 

6.5 

0.0791 

7.0 

0.0740 

7.5 

0.0690 

8.0 

0.0646 

8.5 

0.0604 

9.0 

0.0564 

0.0 

0.0492 

1.0 

0 . 0430 

2.0 

0.0375 

8  0 

0.0327 

4.0 

0.0286 

j.O 

0.0249 

3.0 

0.0218 

7.0 

0.0190 

8.0 

0.0166 

9.0 

0.0145 

J.O 

0.0126 

1.0 

0.0110 

2.0 

0 . 0096 

1.0 

0 . 0084 

4.0 

0.0073 

5.0 

0 . 0063 

5.0 

0 . 0055 

7.0 

0.0048 

8.0 

0.0042 

9.0 

0 . 0036 

0.0 

0.0032 

5.0 

0.0016 

0.0 

0.0008 

5.0 

0.0004 

0.0 

0.0002 

An 


4 

6 

6 

6 

11 

10 

10 

9 

8 

8 

7 
69 
65 
59 
56 

51 

50 

44 

42 

40 
72 

62 

55 

48 

41 
37 

31 

28 

24 

21 

19 

16 

14 

12 
11 
10 

8 

7 
6 
6 
4 

6 

8 
4 

2 


58 

57 
56 
54 
53 

50 

47 

45 
42 

40 

38 

35 
329 
314 
293 

279 

270 

252 

235 

222 

209 

186 

166 

147 

132 

117 

114 

92 

82 

74 

65 

58 
52 

46 

41 

36 

33 

29 

26 

23 

21 

18 

10 

6 

3 

2 


=  17 


0.247 

0.242 

0.235 

0.227 

0.220 

0.206 
0. 193 
0.181 
0.  169 
0.159 

0.  149 
0.  139 
0.  130 
0. 122 
0  114 

0. 107 
0.101 
0.0942 
0.0881 
0 . 0826 
0.0773 

0.0678 
0  0596 
0.0522 
0  0459 
0 . 0403 

0  0353 
0.0310 
0.0272 
0.0240 
0.0210 

0.0184 

0.0162 

0.0142 

0.0125 

0.0109 

0 . 0096 
0 . 0084 
0.0074 
0.0005 
0  0057 

0.0050 
0 . 0026 
0.0014 
0  0007 
0.0004 


5 

7 

8 

7 
14 

13 

12 

12 

10 

10 

10 

9 

8 
8 

7 

6 

68 

61 

55 
53 
95 

82 

74 

63 

56 
50 

43 

38 

32 

30 

26 

22 

20 

17 

16 

13 

12 

10 

9 

8 
7 

24 

12 

7 

3 


A* 


z  =  18 


66  0.313 
65  0.307 
0.298 
0.289 
0.280 


63 

62 

60 


57 

54 

51 
48 

46 

43 

41 

39 

37 
35 

33 
31 

298 

279 

264 

247 

226 

200 

183 

162 

145 

130 

117 

105 

91 

82 

75 

66 

59 

52 

47 

41 

38 

34 
30 
26 

24 

14 

7 

4 

o 


0.263 
0.247 
0  232 
0.217 
0.205 

0.  192 
0.  180 
0.  169 
0.  159 
0  149 

0.  140 
0.132 
0.124 
0.116 
0.  109 
0.  102 

0 . 0904 
0 . 0796 
0  0705 
0.0821 
0  0548 

0  0483 
0.0427 
0.0377 
0.0331 
0  0292 

0 . 0259 
0.0228 
0.0201 
0.0177 
0.0156 

0.0137 
0.0122 
0.0108 
0 . 0095 
0 . 0083 

0.0074 
0 . 0040 
0.0021 
0.0011 
0  0006 


Ad 


6 

9 

9 

9 

17 

16 

15 

15 

12 

13 

12 

11 

10 

10 

9 

8 

8 

8 

7 

7 

116 

108 

91 

84 

73 

65 

56 

50 

46 

39 

33 

31 

27 

24 

21 

19 

15 

14 
13 
12 

9 

34 
19 
10 

5 


A2 


2  =  19 


74  0.387 
73  0.380 
0.309 
0  358 


71 

69 


67  0 . 347 


64 

61 


0.327 
0.308 
58  0.290 
55  0.272 
51  0.256 


49 

47 

45 

42 
40 

38 
36 
34 

33 
31 
30 

266 

244 

211 

192 

161 

144 

138 

124 

113 

101 

86 

80 

73 

66 

57 

53 

47 

43 

39 

34 

30 

17 

10 

6 

6 


0.241 

0.227 

0.214 

0.201 

0.189 

0.  178 
0. 168 
0.158 
0.149 
0. 140 
0.  132 


117 

104 

0916 

0813 

0719 

0637 

0565 

0501 

0444 

0393 

0345 

0308 

0274 

0243 

0213 

0190 

0169 

0151 

0134 

0117 

0104 

0057 

0031 

0017 

0012 


7 
11 
11 
11 
20 

19 

18 

18 

16 

15 

14 
13 
13 
12 
11 

10 

10 

9 

9 

8 

15 

13 

124 

103 

94 

82 

72 

64 

57 

51 

48 

37 

34 

31 

30 

23 

21 

18 

17 

17 

13 

47 

26 

14 
5 


87 

86 

83 

81 

80 

75 

72 

68 

66 

62 

59 
55 
53 

51 

49 

46 

43 
41 
39 
37 
35 

32 

28 

264 

237 

212 

193 

173 

157 

139 

127 

118 

105 

94 

85 

79 

70 

60 
51 
46 

44 

39 

24 

13 

6 

2 


z  =  20 


0.474 

0.466 

0.452 

0.439 

0.427 

0.402 

0.380 

0.358 

0.338 

0.318 

0.300 

0.282 

0.267 

0.252 

0.238 

0.224 

0.211 
0.  199 
0.  188 
0.177 
0.  167 

0.  149 
0.  132 
0.118 
0.  105 
0.0931 

0 . 0830 
0.0738 
0.0658 
0 . 0583 
0.0520 

0 . 0463 
0.0413 
0.0368 
0.0328 
0.0292 

0.0260 

0.0229 

0.0202 

0.0180 

0.0161 

0.0143 
0.0081 
0.0044 
0 . 0023 
0.0014 


15 

15 

14 

14 

13 
12 
11 
11 
10 
18 

17 

14 
13 

119 

101 

92 

80 

75 

63 

57 

50 

45 

40 

36 
32 

31 

27 

22 

19 

18 

62 

37 
21 

9 


A* 

z  =  21 

96 

0.570 

95 

0.561 

93 

0.545 

91 

0.530 

88 

0.515 

85 

0.487 

80 

0 . 460 

77 

0.435 

73 

0.411 

71 

0.389 

67 

0.367 

65 

0.347 

61 

0.328 

58 

0.310 

55 

0.293 

53 

0.277 

51 

0.262 

49 

0.248 

46 

0.234 

44 

0.221 

42 

0 . 209 

37 

0.186 

35 

0.  167 

31 

0  149 

28 

0.  133 

259 

0.119 

230 

0.106 

210 

0.0948 

189 

0 . 0847 

174 

0.0757 

156 

0 . 0676 

141 

0 . 0604 

127 

0.0540 

113 

0.0481 

103 

0.0431 

92 

0.0384 

84 

0  0344 

77 

0  0306 

71 

0.0273 

63 

0  0243 

56 

0  0217 

50 

0.0193 

28 

0.0109 

18 

0 . 0062 

13 

0.0036 

6 

0  0020 

9 

16 

15 

15 
28 

27 

25 
24 
22 
22 

20 

19 

18 

17 

16 

15 
14 
14 

13 
12 

23 

19 

18 

16 

14 
13 

112 

101 

90 

81 

72 

64 

59 

50 

47 

40 

38 

33 

30 

26 

24 

84 

47 

26 

16 


107 

105 

103 

100 

98 

94 

90 

86 

82 

78 

75 

72 
69 

65 
62 

59 

57 

54 

51 

49 

47 

44 

39 

36 

33 

30 

27 

252 

223 

202 

185 

167 

152 

138 

126 

117 

103 

94 

87 

79 

73 

66 
42 
25 
14 

9 
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0. 10 
0.25 
0.50 
0  75 
1.00 


1.5 

2.0 

2.5 
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3.5 


4.0 

4 . 5 
5 . 0 

5 . 5 
6.0 


6.5 
7.0 

7.5 

8.0 

8.5 
9.0 


10.0 

11.0 

12.0 

13.0 

14.0 


15.0 
16.0 
17  0 
18.0 
19.0 


20  0 
21.0 
22.0 
23.0 
24.0 


Iable  14.4.  Value  of  Function  Pc  ( Continued ) 

=  125 


25  0 
26.0 
27.0 
28.0 
29.0 


30  0 
35  0 
40.0 
45  0 
50.0 


z  =  22 


0.677 
0 . 666 
0 . 648 
0 . 630 
0.613 


0.581 

0.550 

0.521 

0.493 

0.467 


0.442 

0.419 

0.397 

0.375 

0.355 


0.336 
0.319 
0.302 
0.285 
0.270 
0 . 256 


0.230 
0.206 
0.185 
0.  166 
0.  149 


0.133 

0.120 

0.107 

0.0959 

0.0861 


0  077 1 
0.0692 
0  0619 
0.0557 
0.0501 


0.0447 
0 . 0400 
0 . 0360 
0.0322 
0 . 0290 


0 . 0259 
0.0151 
0 . 0087 
0  0050 
0 . 0029 


11 

18 

18 

17 

32 


31 

29 

28 

26 

25 


23 

22 

22 

20 

19 


17 

17 

17 

15 

14 

26 


24 

21 

19 

17 

16 


13 

13 

111 

98 

90 


79 

73 

62 

56 

54 


47 

40 

38 

32 

31 


108 

64 

37 

21 


Am 


114 

112 

110 

108 

106 


93 

89 

86 


82 

78 

75 

73 

70 


67 

63 

60 

59 

56 

53 


49 

44 

41 

37 

33 


31 

28 

26 

241 

219 


205 

189 

175 

158 

142 


130 

118 

104 

94 

84 


78 

48 

30 


z  =  23 


0.791 

0.778 

0.758 

0.738 

0.719 


101  I  0.682 
97  !  0.647 
0.614 
0 . 582 
0 . 553 


0 . 524 
0 . 497 
0.472 
0.448 
0.425 


0.403 
0.382 
0.362 
0.344 
0.326 
0 . 309 


0.279 
0.250 
0.226 
0.203 
0.  182 


0. 164 
0.  148 
0.  133 
0.120 
0.108 


0 . 0976 
0.0881 
0.0794 
0.0715 
0.0643 


0.0577 

0.0518 

0.0464 

0.0416 

0.0374 


0  0337 
0  0199 
0  01 17 
19  I  0.0069 
12  0.0041 


An 


13 

20 

20 

19 

37 


35 

33 

32 

29 

29 


27 

25 

24 

23 

22 


21 

20 

18 

18 

17 

30 


29 

24 

23 

21 

18 


16 

15 

13 

12 

104 


95 

87 

79 

72 

66 


59 

54 

48 

42 

37 


138 

82 

48 

28 


Aj 


121 

120 

117 

115 

113 


108 

104 

100 

96 

90 


88 

85 

80 

77 

74 


71 

69 

66 

62 

60 

58 


53 

49 

44 

41 

38 


35 

32 

29 

26 

24 


214 

199 

177 

160 

150 


139 

128 

118 

109 

99 


92 

55 

33 


22 

15 


0.912 

0.898 

0.875 

0.853 

0.832 


0.790 

0.751 

0.714 

0.678 

0.643 


0.612 

0.582 

0.552 

0.525 

0.499 


0.474 
0.451 
0.428 
0.406 
0 . 386 
0 . 367 


0.332 

0.299 

0.270 

0.244 

0.220 


0.199 
0.  180 
0.  162 
0.146 
0.132 


0.  119 
0.  108 
0.0971 
0.0875 
0.0793 


0.0716 
0 . 0646 
0 . 0582 
0 . 0525 
0  0473 


0  0429 
0  0254 
0  0150 


0.0091 
0 . 0056 


z  =  24 


14 

23 

22 

21 

42 


39 

37 

36 

35 

31 


30 

30 

27 

26 

25 


23 

23 

22 

20 

19 

35 


33 

29 

26 

24 

21 


19 

18 

16 

14 

13 


11 

109 

96 

82 

77 


70 

64 

57 

52 

44 


175 

104 

59 

35 


A* 


128 

122 

120 

117 

113 


109 

107 

103 

100 

97 


95 

93 

92 

89 

86 


83 

79 

76 

73 

69 

65 


59 

54 

50 

45 

42 


38 

35 

33 

30 

28 


25 

23 

209 

195 

175 


159 

144 

132 

121 

112 


101 

62 

36 


17 


z  =  25 


1.04 

1.02 

0.995 

0.970 

0.945 


0.899 
0 . 858 
0.817 
0.778 
0.740 


0.707 

0.675 

0.644 

0.614 

0.585 


0.557 
0.530 
0.504 
0.479 
0 . 455 
0.432 


0.391 

0.353 

0.320 

0.289 

0.262 


0.237 
0.215 
0.195 
0.176 
0. 160 


0.144 
0.131 
0.118 
0.  107 
0 . 0968 


0 . 0875 
0 . 0790 
0.0714 
0 . 0646 
0 . 0585 


0  0530 
0.0316 
0.0180 
0.0110 
0.0073 


2 

25 

25 

25 

46 


41 

41 

39 

38 

33 


32 

31 

30 

29 

28 


27 

26 

25 

24 

23 

41 


38 

33 

31 

27 

25 


22 

20 

19 

16 

10 


13 

13 

11 

102 

93 


85 

76 

08 

61 


55 


214 

130 

70 

43 


A, 


13 

13 

125 

120 

115 


111 

112 

109 

105 

101 


99 

94 

89 

85 

82 


79 

76 

73 

70 

68 

67 


63 

58 

52 

48 

44 


41 

38 

35 

32 

29 


27 


2o 


24 

22 

202 


185 

173 

159 

145 

132 


120 

75 

43 

29 

24 


z  =  26 


1.17 

1.15 

1.12 

1.09 

1.06 


1.01 

0.970 

0.926 

0.883 

0.841 


0.806 

0.769 

0.733 

0.699 

0.667 


0.636 
0 . 006 
0.577 
0.549 
0.523 
0.499 


0.454 

0.411 

0.372 

0.337 

0.306 


0.278 

0.253 

0.230 

0.208 

0.189 


0. 171 
0.156 
0. 142 
0.129 
0.117 


0 . 106 
0.0963 
0  0873 
0.0791 
0.0717 


0.0650 

0.0391 

0.0229 

0.0145 

0.0097 


'» 

9< 

81 

71 

61 


23! 

161 

8! 

4i 


=  i  5  i  5 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 
\pi  =  150 


.10 

.25 

.50 

.75 

.00 

1.5 
0 
5 
0 

3.5 

4.0 

4.5 
5.0 

5 
0 

6.5 
0 
5 
0 
5 

9.0 

0.0 
1.0 
2.0 
0 
0 

0 
6.0 
0 
8.0 
9.0 

0.0 
0 
0 
0 
0 

5.0 

6.0 

7.0 

8.0 

9.0 

0.0 
0 
0 
5.0 

0 


=  10 


0.0115 
0.0112 
0.0107 
0.0102 
0 . 00980 

0 . 00897 
0.00821 
0.00751 
0 . 00688 
0 . 00626 

0.00575 
0 . 00527 
0.00481 
0.00440 
0.00402 

0 . 00368 
0.00336 
0 . 00308 
0.00282 
0.00258 
0.00236 

0.00197 
0.00165 
0.00138 
0.00115 
0 . 00097 

0.00081 
0 . 00068 
0 . 00056 
0 . 00048 
0 . 00040 

0 . 00033 
0 . 00028 
0 . 00023 
0 . 00020 
0.00016 

0.00013 
0.00011 
0 . 0495 
0 . 0'80 
0  0466 

0 . 0456 
0.0423 
0 . 0*9 
0. 054 
0.0*2 


A* 


110 

107 

103 

98 

950 

873 

809 

749 

682 

634 

585 

543 

499 

460 

424 

391 

361 

332 

307 

283 

262 


z  =  11 


0.0225 

0.0219 

0.0210 

0.0201 

0.0193 

0.0177 

0.0163 

0.0150 

0.0137 

0.0126 

0.0116 
0.0107 
0.00980 
0 . 00900 
0.00826 

0.00759 

0.00697 

0.00640 

0.00589 

0.00541 

0.00498 


223  0.00420 
188  0  00353 
0  00299 
0.00252 
0.00214 


161 

137 

117 


97 

84 

73 

59 

51 

45 

36 
32 
26 
23 

20 

17 

145 

120 

104 

84 

37 
21 
16 

2 


00178 

00152 

00129 

00107 

00091 

00078 

00064 

00055 

00046 

00039 

00033 

00028 

00024 

00020 

00017 

00014 

046 

043 

042 

0*4 


As 


Ai 

z  =  12 

A* 

161 

0 . 0386 

228 

158 

0.0377 

15 

15 

14 

25 

223 

152 

0.0362 

215 

146 

0 . 0347 

208 

140 

0 . 0333 

201 

131 

0 . 0308 

24 

22 

20 

19 

18 

187 

121 

0.0284 

174 

112 

0 . 0262 

162 

105 

0.0242 

151 

97 

0.0223 

140 

89 

0 . 0205 

16 

14 

14 

12 

12 

131 

82 

0.0189 

122 

770 

0.0175 

113 

710 

0.0161 

106 

664 

0.0149 

98 

611 

0.0137 

10 

10 

92 

573 

0.0127 

85 

530 

0.0117 

79 

491 

0.0108 

73 

449 

0 . 0099 

8 

13 

67 

412 

0.0091 

61 

360 

0 . 0078 

12 

10 

8 

55 

307 

0 . 0066 

48 

261 

0 . 0056 

42 

228 

0 . 0048 

36 

196 

0  0041 

6 

31 

172 

0.0035 

27 

148 

0 . 0030 

5 

23 

121 

0  0025 

20 

103 

0.0021 

18 

89 

0.0018 

3 

15 

72 

0.0015 

13 

66 

0.0013 

11 

55 

0.0011 

10 

49 

0 . 00095 

15 

14 

12 

85 

42 

0.00081 

69 

36 

0 . 00069 

10 

61 

31 

0 . 00059 

51 

26 

0  00050 

9 

8 

46 

22 

0.00042 

41 

18 

0 . 00035 

7 

5 

36 

16 

0 . 00030 

17 

31 

7  0.00013 

15 

3  0. 046 

7 

3 

7 

1  0.043 

3 

6  0. on 

3 

z  =  13 


0.0614 
0 . 0600 
0.0577 
0 . 0555 
0.0534 

0.0495 
0 . 0458 
0.0424 
0 . 0393 
0 . 0363 

0 . 0336 
0.0311 
0.0288 
0 . 0267 
0.0247 

0.0229 

0.0212 

0.0196 

0.0181 

0.0166 

0.0152 


0 . 0084 
0.0072 

0 . 0062 
0  0053 
0 . 0045 
0 . 0039 
0 . 0033 

0 . 0028 
0 . 0024 
0.0021 
0.0018 
0.0015 

0.0013 
0.0011 
0 . 00096 
0 . 00083 
0.00071 

0.00061 
0  00028 
0.00013 
0 . 046 
0. 044 


A, 


299 

293 

284 

275 

266 

248 

231 

216 

202 

190 

177 

166 

155 

144 

135 

126 

117 

110 

103 

98 

93 

79 

68 

59 

49 

45 

39 

346 

305 

261 

231 

203 

177 

149 

129 

114 

94 
85 
70 
62 
55 

46 
23 


z  =  14 


0.0913 
0.0893 
0.0861 
0 . 0830 
0.0800 

0.0743 
0.0689 
0 . 0640 
0.0595 
0.0553 

0.0513 

0.0477 

0.0443 

0.0411 

0.0382 

0.0355 
0.0329 
0 . 0306 
0.0284 
0.0264 
0.0245 

0.0212 

0.0182 

0.0157 

0.0133 

0.0117 

0.0101 
0 . 00876 
0 . 00755 
0.00651 
0.00561 

0.00483 
0.00417 
0 . 00359 
0 . 00309 
0.00204 

0.00224 
0  00195 
0.00166 
0.00145 
0.00126 


12  0 
6  0 
2  0 


00107 

00051 

00025 

00012 

046 


20 

32 

31 
30 

57 

54 

49 
45 
42 
40 

36 

34 

32 

29 
27 

26 

23 
22 
20 

19 

33 

30 

25 

24 
16 
16 

134 

121 

104 

90 

78 

66 

58 

50 
'45 

40 

29 

29 

21 

19 

19 

56 

26 

13 

6 


A* 


377 

377 

359 

350 

340 

317 

300 

281 

264 

247 

232 

216 

203 

192 

179 

167 

159 

148 

139 

131 

122 

108 

95 

83 

75 

64 

56 

484 

425 

379 

334 

287 

247 

219 

195 

175 

158 

138 

124 

102 

89 

80 

41 

21 

10 


z  =  15 


0.  129 
0. 127 
0.122 
0.118 
0.114 

0. 106 
0.0989 
0.0921 
0.0859 
0 . 0800 

0.0745 
0.0693 
0.0646 
0 . 0603 
0.0561 

0.0522 
0.0488 
0.0454 
0.0423 
0 . 0395 
0 . 0367 

0.0320 
0.0277 
0.0240 
0 . 0208 
0.0181 


0157 

0136 

0118 

0103 

00895 

00770 

00664 

00578 

00504 

00439 

00382 

00333 

00290 

00247 

00215 

00187 

00092 

00046 

00022 

00011 


A  a 


2 

5 

4 

4 

8 

71 

68 

62 

59 

55 

52 

47 

43 

42 
39 

34 

34 

31 
28 
28 
47 

43 
37 

32 

27 
24 

21 

18 

15 

135 

125 

106 

86 

74 

65 

57 

49 

43 

43 

32 

28 

95 

46 

14 

11 


47 

46 

45 

43 

42 

40 

371 

349 

331 

310 

295 

275 

258 

240 

228 

214 

201 

189 

178 

167 

158 

138 

123 

109 

97 

85 

75 

67 

59 
52 

455 

410 

366 

317 

274 

239 

208 

181 

158 

143 

125 

109 

60 
30 
20 

9 
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Table  14.4.  Value  of  Function  Pe  (.Continued) 
*1  =  150 


0.10 

0.25 

0.50 

0.75 

1.00 


0.176 

0.173 

0.167 

0.161 

0.156 


1.5 

2.0 

2.5 
3.0 

3.5 


4.0 

4.5 
5.0 

5.5 
6.0 


6.5 

7.0 

7.5 
8.0 

8.5 
9.0 


10.0 

11.0 

12.0 

13.0 

14.0 


15.0 

16.0 

17.0 

18.0 

19.0 


20.0 

21.0 

22.0 

23.0 

24.0 


25.0 

26.0 

27.0 

28.0 

29.0 


30  0 
35  0 
40.0 
45.0 
50  0 


0.146 
0. 136 
0. 127 
0.119 
0.111 


16 


0.104 

0.0968 

0.0904 

0.0843 

0.0789 


0.0726 

0.0689 

0.0643 

0.0601 

0.0562 

0.0525 


0.0458 

0.0400 

0.0349 

0.0305 

0.0266 


0.0232 
0 . 0203 
0.0177 
0.0155 
0.0135 


0.0118 

0.0103 

0.00895 

0.00778 

0.00678 


0.00590 

0.00514 

0.00448 

0.00390 

0.00340 


0.00296 
0  00152 
0.00076 
0.00042 
0.00020 


3 

6 

6 

5 

10 


10 

9 

8 

8 

7 


72 

64 

61 

54 

53 


47 

46 

42 

39 

37 

67 


A, 


54 

53 

52 

51 

49 


46 

44 

41 

39 

37 


35 

332 

316 

297 

281 


58 

51 

44 

39 

34 


29 

26 

22 

20 

17 


15 

135 

117 

100 

88 


76 

66 

58 

50 

44 


144 

76 

34 

22 


274 

246 

234 

219 

206 

194 


183 

155 

137 


2  =  17 


0.230 

0.226 

0.219 

0.212 

0.205 


0.192 
0.180 
0.168 
0. 158 
0. 148 


0. 139 
0. 130 
0. 122 
0.114 
0  107 


0.  100 
0  0935 
0.0877 
0  0820 
0.0768 
0.0719 


0.0631 
0.0555 
0.0486 
122  0.0427 
109  0.0375 


77 

68 

61 


53 

46 

415 

382 

342 


310 

266 

242 

210 

190 


174 

88 

54 

29 

14 


Ay 


97  0.0329 
85  0.0288 
0.0254 
0.0223 
0  0196 


0.0171 

0.0149 

0.0131 

0.0116 

0.0102 


0 . 0090 
0.0078 
0.0069 
0.0060 
0.0053 


0.0047 
0  0024 
0  0013 
0  00071 
0.00034 


At 


62 

61 

59 

57 

56 


z  =  18 


0.292 

0.287 

0.278 

0.269 

0.261 


53 

50 

48 

45 

43 


0.245 

0.230 

0.216 

0.203 

0.191 


40 

38 

36 

34 

32 


0.  179 
0.  168 
0. 158 
0. 148 
0. 139 


31 

295 

273 

260 

252 

241 


210 

iss 

170 

151 

136 


121 

109 

96 

86 

76 


70 

63 

57 

49 

44 


38 

36 

31 

28 


21 

13 

7 

39 

22 


0.  131 
0. 123 
0.115 
0.108 
0.102 
0.0960 


0.0841 

0.0743 

0.0656 

0.0578 

0.0511 


0.0450 

0.0397 

0.0350 

0.0309 

0.0272 


0  0241 
0.0212 
0.0188 
0.0165 
0.0146 


0.0128 
0.0114 
0.0100 
0  0088 
0.0078 


0.0068 
0  0037 
0.0020 
0  0010 
0.00056 


Ay 


15 

14 

13 

12 

12 


11 

10 

10 

9 

8 


8 

8 

7 

6 

60 

119 


98 

87 

78 

67 

61 


53 

47 

41 

37 

31 


29 

24 

23 

19 

18 


14 

14 

12 

10 

10 


31 

17 

10 

44 


A« 

z  =  19 

Ap 

A, 

z  =  20 

A  p 

A, 

69 

0.361 

6 

11 

10 

10 

81 

0.442 

8 

89 

68 

0.355 

80 

0.434 

88 

66 

0.344 

77 

0.421 

12 

87 

65 

0.334 

75 

0.409 

12 

11 

85 

63 

0.324 

74 

0.398 

82 

19 

23 

60 

0.305 

18 

17 

16 

15 

14 

70 

0.375 

21 

21 

18 

18 

17 

79 

57 

0.287 

67 

0.354 

75 

54 

0.270 

63 

0  333 

72 

51 

0.254 

61 

0.315 

68 

48 

0.239 

58 

0.297 

65 

46 

0.225 

14 

12 

11 

11 

11 

55 

0 . 280 

16 

15 

14 

14 

12 

62 

43 

0.211 

53 

0.264 

59 

41 

0.  199 

50 

0.249 

57 

40 

0.  188 

47 

0.235 

54 

38 

0. 177 

44 

0.221 

52 

35 

0.  166 

10 

8 

43 

0.209 

12 

11 

11 

10 

49 

33 

0.  156 

41 

0  197 

47 

33 

0.148 

38 

0. 186 

45 

31 

0.  139 

36 

0.  175 

43 

28 

0.  130 

35 

0.  165 

41 

280 

0. 124 

15 

32 

0.156 

17 

39 

245 

0.  109 

128 

106 

99 

88 

76 

30 

0.  139 

16 

13 

123 

108 

96 

35 

229 

0.0962 

268 

0.  123 

32 

200 

0.0856 

244 

0.110 

29 

179 

0.0757 

220 

0 . 0977 

263 

158 

0 . 0669 

200 

0 . 0869 

241 

143 

0.0593 

67 

59 

55 

46 

42 

180 

0.0773 

86 

75 

69 

59 

52 

216 

129 

0.0526 

161 

0 . 0687 

196 

117 

0.0467 

145 

0.0612 

177 

103 

0  0412 

131 

0.0543 

162 

94 

0.0366 

118 

0.0484 

146 

83 

0  0324 

37 

33 

32 

24 

21 

108 

0.0432 

47 

42 

37 

33 

32 

130 

75 

0  0287 

98 

0 . 0385 

117 

66 

0.0254 

89 

0.0343 

105 

57 

52 

0.0222 

0.0198 

84 

75 

0  0306 
0.0273 

95 

84 

49 

43 

0.0177 

0.0157 

20 

17 

16 

15 

12 

64 

54 

0.0241 

0.0211 

30 

23 

20 

18 

17 

79 

74 

40 

36 

0.0140 

0.0124 

48 

44 

0.0188 

0.0168 

66 

59 

31 

0.0109 

41 

0.0150 

52 

29 

16 

9 

6 

0.0097 

0.0053 

0 . 0029 
0.0016 

44 

24 

13 

50 

36 

22 

8 

7 

0.0133 
0 . 0075 
0 . 0037 
0 . 0023 

58 

38 

14 

10 

47 

26 

21 

9 

54 

0.00110 

20 

0.0013 

6 

z  =  21 


0.531 

0.522 

0.508 

0.494 

0.480 


0.454 

0.429 

0.405 

0.383 

0.362 


0.342 

0.323 

0.306 

0.289 

0.273 


0.258 

0.244 

0.231 

0.218 

0.206 

0.195 


0.  174 
0.155 
0.139 
0.124 
0.111 


0 . 0989 
0.0883 
0.0789 
0 . 0705 
0 . 0630 


0.0562 

0.0502 

0.0448 

0.0401 

0.0357 


0.0320 
0.0285 
0.0254 
0.0227 
0 . 0202 


0.0180 

0.0101 

0.0058 

0.0034 

0.0019 


19 

16 

15 

13 

121 


106 

94 

84 

75 

68 


1C' 

S 

9' 

9' 

9' 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 
ix  =  150 


0.10 

0.25 

0.50 

0.75 

1.00 

1.5 

2.0 

2.5 
3.0 

3.5 

4.0 

4.5 
5.0 

5.5 

6.0 

6.5 
7.0 

7.5 

8.0 

8.5 
9.0 

10.0 
11.0 
12.0 
13  0 
14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

20.0 

21.0 

22.0 

23.0 

24.0 

25.0 

26.0 

27.0 

28.0 

29.0 

30.0 
35.0 
40.0 
45.0 
50  0 


z  =  22 


0.631 

0.620 

0.603 

0.587 

0.571 

0.541 

0.512 

0.485 

0.459 

0.435 

0.412 

0.390 

0.370 

0.350 

0.331 

0.313 

0.297 

0.281 

0.266 

0.252 

0.239 

0.214 
0. 192 
0.172 
0.154 
0.139 

0.  124 
0.111 
0 . 0999 
0.0895 
0 . 0804 

0.0719 
0 . 0646 
0.0578 
0.0520 
0.0468 

0.0417 
0.0373 
0 . 0336 
0.0301 
0.0270 

0.0241 
0.0140 
0.0081 
0 . 0047 
0 . 0028 


11 

17 
16 
16 

30 

29 

27 

26 

24 
23 

22 

20 

20 

19 

18 

16 

16 

15 

14 
13 

25 

22 

20 
18 

15 
15 

13 

111 

104 

91 

85 

73 

68 

58 
52 
51 

44 

37 

35 

31 
29 

101 

59 
34 
19 


A, 


=  23 


106 

105 

103 

101 

99 

95 
91 
87 
84 
80 

76 

73 

70 

67 

65 

62 

59 

57 

54 

52 

49 

46 

41 

38 

35 

31 

29 

27 
241 
225 
206 

185 

176 

152 

137 

124 

117 

105 

96 
86 
75 

73 

45 

28 
17 
10 


0.737 

0.725 

0.706 

0.688 

0.670 

0.636 

0.603 

0.572 

0.543 

0.515 

0.488 

0.463 

0.440 

0.417 

0.396 

0.375 
0 . 356 
0.338 
0.320 
0.304 
0.288 

0.260 
0  233 
0.210 
0.  189 
0.  170 

0.153 

0.138 

0.124 

0.112 

0.101 

0 . 0904 
0.0812 
0.0730 
0 . 0657 
0.0592 

0.0534 
0.0478 
0.0432 
0 . 0387 
0.0345 

0.0314 

0.0185 

0.0109 

0.0064 

0.0038 


A  o 


12 

19 

18 

18 

34 

33 

31 

29 

28 

27 

25 
23 
23 
21 
21 

19 

18 

18 

16 

16 

28 

27 

23 

21 

19 

17 

15 

14 

12 

11 

106 

92 

82 

73 

65 

58 

56 

46 

45 

42 

31 

129 

76 

45 

26 


I 


A* 

2 

=  24 

&o 

A, 

z 

=  25 

Ag 

A, 

z 

=  26 

113 

0 

.850 

120 

0 

.970 

IQ 

120 

1 

.09 

112 

0 

.837 

114 

0 

.951 

21 

119 

1 

.07 

110 

0 

.816 

114 

0 

.930 

25 

120 

1 

.05 

107 

0 

.795 

110 

0 

.905 

20 

115 

1 

.02 

105 

0 

.775 

39 

110 

0 

.885 

43 

115 

1 

.00 

100 

0 

.736 

106 

0 

.842 

40 

112 

0 

.954 

97 

0 

700 

102 

0 

802 

107 

0 

.909 

93 

0 

665 

oo 

97 

0 

762 

102 

0 

.864 

89 

0 

632 

93 

0 

725 

97 

0 

.822 

85 

0 

600 

O  M 

30 

90 

0 

690 

33 

95 

0 

.785 

82 

0 

570 

87 

0 

657 

92 

0 

749 

79 

0 

542 

83 

0 

625 

O  M 

88 

0 

713 

74 

0 

514 

81 

0 

595 

85 

0 

680 

72 

0 

489 

78 

0 

567 

81 

0 

648 

69 

0 

465 

23 

74 

0 

539 

26 

78 

0 

617 

67 

0 

442 

99 

71 

0 

513 

75 

0 

588 

64 

0 

420 

22 

68 

0 

488 

24 

73 

0 

561 

60 

0 

398 

66 

0 

464 

71 

0 

535 

59 

0 

379 

63 

0 

442 

68 

0 

510 

56 

0 

360 

61 

0 

421 

65 

0 

486 

54 

0 

342 

33 

58 

0 

400 

36 

63 

0 

463 

49 

0 

309 

55 

0 

364 

58 

0 

422 

46 

0 

279 

97 

50 

0 

329 

6b 

52 

0 

381 

42 

0 

252 

i 

9^ 

46 

0 

298 

48 

0 

346 

38 

0 

227 

99 

43 

0 

270 

44 

0 

314 

35 

0 

205 

20 

38 

0 

243 

22 

42 

0 

285 

32 

0 

185 

17 

36 

0 

221 

38 

0 

259 

30 

0 

168 

17 

33 

0 

201 

35 

0 

236 

27 

0 

151 

1  ^ 

31 

0 

182 

32 

0 

214 

24 

0 

136 

1  Q 

28 

0 

164 

30 

0 

194 

22 

0 

123 

12 

26 

0 

149 

lo 

14 

28 

0 

177 

206 

0 

111 

24 

0 

135 

13 

26 

0 

161 

188 

0 

100 

QA 

22 

0 

122 

24 

0 

146 

174 

0. 

0904 

RQ 

206 

0 

111 

1  1 

21 

0. 

132 

158 

0. 

0815 

185 

0. 

100 

1  1 

20 

0. 

120 

146 

0. 

0738 

71 

161 

0 

0899 

101 

87 

191 

0. 

109 

133 

0 

0667 

06 

145 

0. 

0812 

78 

183 

0. 

0995 

123 

0. 

0601 

59 

133 

0. 

0734 

171 

0. 

0905 

110 

0. 

0542 

53 

123 

0. 

0665 

69 

154 

0. 

0819 

102 

0. 

0489 

48 

116 

0. 

0605 

60 

136 

0. 

0741 

96 

0. 

0441 

42 

109 

0. 

0550 

55 

52 

124 

0. 

0674 

85 

0 

0399 

1 

99 

0. 

0498 

190 

116 

0. 

0614 

54 

0. 

0239 

95 

69 

0. 

0308 

74 

0. 

0382 

35 

0. 

0144 

57 

43 

0. 

0187 

121 

52 

0. 

0239 

23 

0. 

0087 

36 

28 

0. 

0115 

72 

31 

0. 

0146 

13 

0. 

0051 

15 

0. 

o 

o 

a 

a 

49 

20 

0. 

0086 

Ae 


2 

2 

3 

2 

46 

45 

45 

42 

37 

36 

36 

33 

32 

31 
29 

27 

26 

25 
24 
23 
41 

41 

35 

32 
29 

26 

23 

22 

20 

17 

16 

15 

14 

12 

11 

95 

90 

86 

78 

67 

60 

232 

143 

93 

60 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 

*1  =  175 


a 

O 

II 

M 

A<; 

A; 

z  =  11 

A(7 

Aj 

z  =  12 

0.10 

0.0107 

0 

102' 

0 . 0209 

150 

0.0359 

0.25 

0.0105 

£ 

99 

0 . 0204 

147 

0.0351 

0.50 

0 . 0099 

r; 

96 

0.0195 

142 

0.0337 

0.75 

0 . 0094 

0 

93 

0.0187 

136 

0.0323 

1.00 

0.0091 

8 

89 

0.0180 

15 

130 

0.0310 

1.5 

0 . 0083 

82 

0.0165 

121 

0 . 0286 

2.0 

0.0076 

76 

0.0152 

113 

0 . 0265 

2.5 

0 . 0070 

69 

0.0139 

105 

0 . 0244 

3.0 

0 . 0064 

64 

0.0128 

97 

0 . 0225 

3.5 

0 . 0059 

59 

0.0118 

90 

0 . 0208 

0 

10 

4.0 

0 . 0054 

54 

0  0108 

83 

0.0191 

4.5 

0 . 0049 

50 

0 . 0099 

78 

0.0177 

5 . 0 

0 . 0045 

46 

0.0091 

72 

0.0163 

5 . 5 

0.0041 

43 

0 . 0084 

66 

0.0150 

6.0 

0.0038 

0 

4 

39 

0.0077 

6 

62 

0.0139 

6.5 

0 . 0034 

37 

0.0071 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 

=  175 
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0.25 
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4.0 

4.5 
5.0 

5.5 
6.0 

6.5 
7.0 

7.5 
8.0 

8.5 
9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

.9.0 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

0.0 

5.0 

0.0 

5.0 

0.0 


=  16 


0. 164 
0. 161 
0.155 
0. 150 
0. 145 

0. 136 
0. 127 
0.  119 
0.111 
0.103 

0.0966 

0.0902 

0.0843 

0.0787 

0.0736 

0.0687 

0.0643 

0.0600 

0.0561 

0.0525 

0.0490 

0.0428 

0.0373 

0.0326 

0.0284 

0.0248 

0.0216 

0.0189 

0.0165 

0.0145 

0.0126 

0.0109 

0.0096 

0.0084 

0.0073 

0.0063 

0.0055 

0.0048 

0.0042 

0.0036 

0.0032 

0.0028 
0.0014 
0 . 0007 
0.00030 
0.00019 


A  z 


51 

49 

48 

47 

46 

43 

40 

38 

36 

35 


z  =  17 


'  324 


,56 

51 

49 


287 

273 

259 

246 

230 

219 

205 

194 

181 

161 

145 

128 

114 

102 

93 

80 

72 

63 

57 

51 

45 

39 

35 

32 

29 

25 
22 
20 
17 

15 

8 

5 

26 
13 


0.215 
0.210 
0.203 
0. 197 
0.  191 

0.  179 
0.  167 
0. 157 
0.  147 
0.  138 

0. 129 
0.121 
0.113 
0.106 
0.0995 

0.0933 

0.0873 

0.0819 

0.0706 

0.0719 

0.0671 


0589 

0518 

0454 

0398 

0350 

0309 

0269 

0237 

0208 

0183 


0.0160 

0.0141 

0.0123 

0.0108 

0.0095 

0.0084 

0.0073 

0.0064 

0.0056 

0.0049 

0.0043 
0.0022 
0.00120 
0 . 00062 
0.00032 


8 

8 

7 

65 

62 

60 

54 

53 

47 

48 
82 

71 

64 

56 

48 

41 

40 

32 

29 

25 

23 

19 

18 

15 

13 

11 

11 

9 

8 

7 

6 


A« 


57 

57 

56 

54 

52 

49 

47 

44 

42 

39 

38 

36 

34 

32 

295 


z  =  18 


0.272 

0.267 

0.259 

0.251 

0.243 

0.228 
0.214 
0.201 
0. 189 
0.  177 

0.167 
0.  157 
0.  147 
0.  138 
0.  129 


287  0.  122 
267  0.  114 
251  0.  107 
0.  101 
0.0946 
0.0889 


244 

227 

218 


194 

174 

157 

140 

125 

110 

101 

90 

80 

71 

64 

56 

52 

46 

41 

35 

33 
29 
26 
23 

21 

12 

60 

34 


0.0783 

0.0692 

0.0611 

0.0538 

0.0475 

0.0419 

0.0370 

0.0327 

0.0288 

0.0254 

0.0224 

0.0197 

0.0175 

0.0154 

0.0136 

0.0119 
0.0106 
0.0093 
0 . 0082 
0.0072 

0.0064 

0.0034 

0.0018 

0.00096 


&o 


5 

8 

8 

8 

15 

14 

13 

12 

12 

10 

10 

10 

9 

9 

7 

8 
7 
6 

64 

57 

106 


A* 


91 

81 

73 

63 

56 

49 

43 

39 

34 

30 

27 

22 

21 

18 

17 

13 

13 

11 

10 

8 


64 

63 

61 

60 

59 

56 

53 

50 

47 

46 

43 

40 

39 

37 

36 

33 

32 

30 

28 

274 

271 


z  =  19 


227 

207 

184 

168 

150 

134 

121 

108 

96 

86 

76 

70 

63 

57 

49 

46 

41 

38 

34 

30 


0.336 

0.330 

0.320 

0.311 

0.302 

0.284 

0.267 

0.251 

0.236 

0.223 

0.210 
0.  197 
0.  186 
0.  175 
0.  165 

0.  155 
0.  146 
0.  137 
0.  129 
0.  121 
0.116 

0.  101 

0.0899 

0.0795 

0.0706 

0.0625 

0.0553 

0.0491 

0.0435 

0.0384 

0.0340 

0.0300 
0 . 0207 
0.0238 
0.0211 
0.0185 

0.0165 

0.0147 

0.0131 

0.0110 

0.0102 


26  0 . 0090 
16  0.0050 
9  0.0027 
54  0.0015 
49  0.0010 


6 

10 

9 

9 

18 

17 

16 

15 

13 

13 

13 
1 1 
11 
10 
10 

9 

9 

8 

8 

5 

15 


A* 


111 

104 

89 

81 

72 

62 

56 

51 

44 

40 

33 

29 

27 

26 

20 

18 

16 

15 

14 

12 


75 

74 

72 

70 

69 

65 

63 

60 

57 

53 

51 

49 

46 

44 

41 


z  =  20 


0.411 

0.404 

0.392 

0.381 

0.371 

0.349 

0.330 

0.311 

0.293 

0.276 

0.261 

0.246 

0.232 

0.219 

0.206 


37 

36 

34 

33 

29 


39  0. 194 


28 

251 

225 

204 

184 

166 

149 

135 

122 

111 

102 

91 

81 

73 

69 

61 

52 

44 

40 

37 


0. 183 
0.  173 
0.  163 
0.  154 
0.  145 

0.  129 
0.115 
0.  102 
0.0910 
0.0809 

0.0719 
0  0640 
0.0570 
0 . 0506 
0.0451 

0.0402 
0 . 0358 
0.0319 
0.0284 
0 . 0254 

0.0226 

0.0199 

0.0175 

0.0156 

0.0139 

0.0124 
0.0070 
0 . 0038 
0.0022 
0.0012 


7 

12 

11 

10 

22 

19 

19 

18 

17 

15 

15 
14 
13 
13 
12 

11 

10 

10 

9 

9 

16 


A< 


13 

13 

110 

101 

90 

79 

70 

64 

55 

49 

44 

39 

35 

30 

28 

27 

24 

19 

17 

15 


84 

83 

81 

79 

76 

74 

70 

67 

64 

61 

58 

55 

53 

50 

48 

46 

44 

42 

40 

38 

36 


z  =  21 


33 

30 

27 

250 

221 

204 

184 

166 

152 

137 

123 

111 

99 

90 

79 

73 

67 

62 

55 

49 


0.495 

0.487 

0.473 

0.400 

0.447 

0.423 

0.400 

0.378 

0.357 

0.337 

0.319 

0.301 

0.285 

0.269 

0.254 

0.240 
0.227 
0.215 
0.203 
0.  192 
0.  181 


0.  162 
0.  145 
0.  129 
0.116 
0.  103 

0 . 0923 
0.0824 
0.0736 
0 . 0658 
0  05, SN 

0.0525 
0.0469 
0.0418 
0 . 0374 
0.0333 

0.0299 
0.0266 
0 . 0237 
0.0211 
0.0188 

0.0168 
0 . 0094 
0.0053 
0.0031 
0.0018 


A  q  A/ 


8 

14 

13 

13 

24 

23 

22 

21 

20 

18 


18 

16 

16 

15 
14 

13 

12 

12 

11 

11 

19 

17 

16 
13 
13 

107 

99 

88 

78 

70 

63 

56 

51 

44 

41 

34 

33 

29 

26 

23 

20 


92 

91 

89 

87 

85 

81 

77 

73 

70 

68 

65 

62 

59 

57 

54 

52 

50 

47 

45 

43 

4) 

38 

34 

32 

28 

26 

237 

216 

195 

176 

160 

145 

132 

120 

110 

101 

89 

82 

76 

69 

64 


438 


STERILIZATION  IN  FOOD  TECHNOLOGY 


Table  14.4.  Value  of  Function  Pc  ( Continued ) 
*i  =  175 
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0 . 0690 

104 

0 . 0505 

119 

0  0624 

96 

0 . 0456 

108 

0 . 0564 

90 

0.0411 

99 

0.0510 

79 

0  0372 

149 

88 

54 

33 

91 

0  0463 

50 

0  0223 

60 

0  0283 

33 

0  0135 

37 

0.0172 

21 

0  0081 

23 

0.0104 

13 

0 . 0048 

15 

0  0063 

Ag 


13 

23 

20 

19 

39 


38 

38 

34 

33 

29 


28 

27 

26 

25 

24 


23 

22 

22 

21 

20 

37 


32 

29 

26 

24 

22 


19 

18 

16 

14 

13 


12 

11 

93 

85 

79 


73 

66 

60 

54 

47 


180 

111 

68 

41 


A, 

z  =  26 

111 

1.01 

110 

0 . 996 

106 

0.969 

106 

0.949 

106 

0.930 

103 

0.888 

99 

0.846 

96 

0 . 805 

93 

0.768 

89 

0.731 

87 

0.700 

84 

0.669 

80 

0.638 

77 

0 . 609 

74 

0.581 

71 

0  554 

68 

0  528 

65 

0.503 

63 

0.479 

61 

0.456 

59 

0  434 

54 

0.392 

49 

0  355 

46 

0.323 

42 

0  293 

39 

0.266 

36 

0.241 

33 

0.219 

31 

0.  199 

29 

0.181 

27 

0.  165 

24 

0.  149 

22 

0.  135 

21 

0.123 

193 

0.112 

178 

0.  102 

163 

0  0926 

150 

0  0840 

136 

0.0760 

125 

0.0689 

116 

0.0626 

107 

0 . 0570 

69 

0.0352 

45 

0.0217 

30 

0.0134 

20 

0 . 0083 

14 

27 

20 

19 

42 


42 

41 

37 

37 

31 


31 

31 

29 

28 

27 


26 

25 

24 

23 

22 

42 


37 

32 

30 

27 

25 


22, 

20 

18' 

16 

16 


14 : 

12, 

11 

io: 

94 


861 

801 

71 

631 

561 


218! 

135: 

83: 

51 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 

=  200 


o.  10 

0.25 

0.50 

0.75 

1.00 

1.5 

2.0 

2.5 
3.0 

3.5 

4.0 

4.5 
5.0 

5.5 

6.0 

6.5 
7.0 

7.5 

8.0 

8.5 
9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

20. 0 
21.0 
22.0 
23.0 
24.0 

25.0 

26.0 

27.0 

28.0 

29.0 

10.0 

15.0 

10.0 

15.0 

>0.0 


2  =  10 


0.01000 
0 . 00974 
0.00931 
0 . 00890 
0.00851 

0 . 00779 
0.00713 
0.00652 
0.00597 
0.00545 

0.00499 

0.00457 

0.00418 

0.00382 

0.00349 

0 . 00320 
0 . 00292 
0 . 00267 
0.00245 
0  00224 
0 . 00205 


0  00171 
0  00144 
0  00120 
0.00100 
0  00084 

0.00071 
0  00059 
0 . 00049 
0  00042 
0  00035 

0 . 00029 
0 . 00024 
0 . 00020 
0.00017 
0.00014 

0.00012 

0.00010 

0.0*8 

0.0*7 

0.0*6 

0.0*5 
0.0*2 
0 . 068 
0 . 0*3 
0.0*1 


27 

24 

20 

16 

13 

12 

10 

7 

7 

6 

5 

4 
3 
3 
2 

2 

2 

1 

1 

1 

3 

12 

5 

2 


Az 

z  =  11 

A 

At 

cn 

II 

N 

95C 

0.0195 

14( 

0.0335 

:  92. 

>0.0190 

8 

137 

0.0327 

881, 

0.0182 

135 

0.0314 

86C 

>0.0175 

8 

13 

127 

0.0302 

81S 

0.0167 

123 

0 . 0290 

761 

0  0154 

13 

11 

11 

9 

9 

113 

0.0267 

697 

0.0141 

106 

0.0247 

648 

0.0130 

98 

0 . 0228 

593 

0.0119 

90 

0.0209 

555 

0.0110 

84 

0.0194 

511 

0.0101 

85 

74 

69 

64 

59 

78 

0.0179 

468 

0 . 00925 

715 

0.0164 

433 

0.00851 

669 

0.0152 

400 

0 . 00782 

618 

0.0140 

369 

0.00718 

572 

0.0129 

339 

0 . 00659 

54 

50 

45 

40 

37 

68 

531 

0.0119 

313 

0 . 00605 

495 

0.0110 

288 

0.00555 

455 

0  0101 

265 

0.00510 

425 

0  00935 

246 

0 . 00470 

393 

0  00863 

228 

0 . 00433 

363 

0 . 00796 

194 

0 . 00365 

58 

48 

40 

33 

31 

313 

0.00678 

163 

0 . 00307 

268 

0 . 00575 

139 

0 . 00259 

231 

0 . 00490 

119 

0.00219 

198 

0.00417 

102 

0.00186 

169 

(l  00355 

84 

0.00155 

23 

20 

19 

14 

1  I 

147 

0 . 00302 

73 

0.00132 

131 

0 . 00263 

63 

0.00112 

107 

0.00219 

51 

0  00093 

93 

0.00180 

44 

0  00079 

79 

0.00158 

39 

0 . 00068 

12 

8 

8 

66 

0.00134 

32 

0.00056 

58 

0.00114 

28 

0 . 00048 

50 

0 . 00098 

23 

0 . 00040 

43 

0 . 00083 

20 

0  00034 

5 

37 

0.00071 

17 

0 . 00029 

31 

0 . 00060 

14 

0 . 00024 

27 

0.00051 

12 

0 . 00020 

24 

0  00044 

10 

0  00017 

20 

0 . 00037 

9 

0  00015 

3 

16 

0 . 0003 1 

7 

0  00012 

14 

0.00026 

3 

1.0*5 

3 

1 

7 

0  00012 

12 

1  0*2 

3 

0 . 0*5 

7 

4.0*1 

1 

0  0*2 

3 

4.0*4 

6 

0.0*1 

8 

13 

12 

12 

23 

20 

19 

19 

15 

15 

15 

12 

12 

11 

10 

9 

9 

75 

72 

67 

118 


198 

194 

187 

180 

173 

163 

151 

140 

131 

122 

113 

106 

99 

92 

86 

80 

74 

69 

635 

597 

554 


z  =  13 


103 

85 

73 

62 

53 

49 

44 

33 

28 

24 

20 

16 

15 

12 

11 

9 

7 

7 

6 

5 

14 

7 

3 

1 


482 

415 

360 

313 

275 

238 

197 

171 

154 

132 

116 

96 

82 

77 

59 

50 

49 

36 

33 

29 

24 

18 

5 

3 

2 


0  0533 
0.0521 
0.0501 
0.0482 
0.0403 

0.0430 
0.0398 
0 . 0368 
0.0340 
0.0316 

0 . 0292 
0.0270 
0.0251 
0.0232 
0.0215 

0.0199 
0.0184 
0.0170 
0.0157 
0.0140 
0  0135 

0.0116 
0 . 0099 
0 . 0085 
0 . 0073 
0  0063 

0  0054 
0  0046 
0  0039 
0.0034 
0  0029 

0  0025 
0  0021 
0  0018 
0.0016 
0.0013 

0.0011 
0  0010 
0  0008 
0 . 0007 
0 . 0006 

0  0005 
0 . 0003 
0  0001 
0.0*5 
0  0*3 


iio 


12 

20 

19 

19 

33 

32 

30 

28 

24 

24 

22 

19 

19 

17 

16 

15 
1  I 

13 

I  i 

II 
19 

17 

14 
12 
10 

9 

8 

7 

5 

5 


A, 


z  =  14 


200  0.0793 
255  0.0776 
0.0748 
0 . 0720 
0  0694 


247 

238 

231 


215 

201 

188 

177 

164 

154 

144 

134 

125 

117 

109 

102 

96 

90 

83 

78 

68 

59 

51 

42 

37 


32 

30 

27 

22 

20 

17 

15 

13 

10 

10 

9 

7 

7 

6 

5 

4 
1 
1 

5 

9 


0 . 0645 
0.0599 
0 . 0556 
0.0517 
0.0480 

0 . 0446 
0.0414 
0.0385 
0.0357 
0  0332 

0.0308 
0 . 0286 
0 . 0266 
0.0247 
0.0229 
0  0213 

0.0184 
0  0158 
0.0136 
0.0115 
0  0100 


Aa 


0 . 0086 
0.0076 
0 . 0066 
0 . 0056 
0  0049 

0.0042 
0.0036 
0.0031 
0  0026 
0 . 0023 

0 . 0020 
0.0017 
0.0015 
0.0013 
0.0011 

0 . 0009 
0 . 0004 
0.0002 
0  0001 
0.0*5 


17 

28 

28 

26 

49 

46 

43 

39 

37 

34 

32 

29 

28 

25 
24 

22 

20 

19 

18 

16 

29 

26 
22 

21 

15 

14 

10 

10 

10 

7 

7 

6 

5 

5 

3 

3 

3 

2 

2 

2 

2 

5 

2 

1 

5 


A, 


327 

324 

312 

310 

295 

278 

260 

244 

229 

215 

201 

189 

176 

167 

156 


z  =  15 


146 

137 

129 

120 

114 

106 

93 

82 

72 

66 

57 

51 

43 

37 

33 

29 

26 

22 

19 

18 

15 

13 

12 

10 

8 

8 

7 

4 
2 
1 

5 


0.112 
0.110 
0.  106 
0.103 
0 . 0989 

0.0923 
0 . 0859 
0 . 0800 
0 . 0746 
0  0695 

0.0647 
0.0603 
0.0561 
0 . 0524 
0.0488 

0.0454 
0.0423 
0 . 0395 
0.0367 
0.0343 
0.0319 

0.0277 
0 . 0240 
0 . 0208 
0.0181 
0.0157 

0.0137 
0.0119 
0  0103 
0 . 0089 
0.0078 

0  0068 
0  0058 
0  0050 
0  0044 
0  0038 

0  0033 
0 . 0029 
0  0025 
0.0021 
0.0019 

0.0016 
0  0008 
0  0004 
0 . 0002 
0  0001 


2 

4 

3 

41 

66 

64 

59 

54 

51 

48 

44 

42 
37 

36 
34 

31 
28 
28 
24 
24 
42 

37 

32 
27 
24 
20 

18 

16 

14 

11 

10 

10 

8 

6 

6 

5 

4 

4 

4 

2 

3 

8 

4 

2 

1 


41 

40 

39 

37 

361 

337 

321 

300 

284 

268 

253 

237 

224 

209 

198 

186 

175 

164 

155 

146 

137 

121 

108 

95 

84 

74 

64 

57 

51 

46 

39 

34 

31 

28 

24 

21 

18 

16 

14 

13 

11 

10 

5 

3 

1 

1 
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Iable  14.4.  Value  of  Function  Pc  ( Continued ) 

=  200 


0.10 

0.25 

0.50 

0.75 

1.00 


1.5 
2.0 

2.5 
3.0 

3.5 


4.0 

4.5 
5.0 

5 . 5 
6.0 


6 . 5 

7  0 

7.5 
8.0 

8  5 
9.0 


10  0 
11.0 
12.0 
13.0 
14.0 


15.0 

16.0 

17.0 

18.0 

19.0 


20.0 

21.0 

22.0 

23.0 

24.0 


25.0 

26.0 

27.0 

28.0 

29.0 


30.0 
35  0 
40.0 
45.0 
50.0 


z  =  16 


0.  153 
0.150 
0.145 
0.  140 
0.  135 


0.126 
0.118 
0. 110 
0.103 
0.0963 


0.0900 
0.0840 
0.0785 

o2 

0.0733 
0.0086  4' 


0 . 0640 
0.0598 
0 . 0559 
0.0522 
0 . 0489 
0.0456 


0.0398 
0.0348 
0 . 0303 
0 . 0265 
0.0231 


0.0201 

0.0170 

0.0154 

0.0135 

0.011 


1C. 


Ax 


47 

46 

44 

43 

43 


z  =  17 


41 

38 

36 

34 

317 


0.200 
0.196 
0.  189 
0.  183 
0.178 


0.167 
0.156 
0. 146 
0.137 
0.  128 


300 

280 

265 

253 

239 


0.120 

0.112 

0.105 

0.0986 

0.0925 


229 

215 

203 

191 

179 

169 


0.0102 
0 . 0089 
0 . 0078 
0 . 0068 
0 . 0059 


0.0051 
0.0045 
0 . 0039 
0.0034 
0.0030 


0 . 0026 
0.0013 
0 . 0007 
0 . 0003 
0.0002 


150 

134 

120 

107 

95 


85 

74 

66 

59 

53 


0869 

0813 

0762 

0713 

0668 

0625 


0548 

0482 

0423 

0372 

0326 


0286 

0250 

0220 

0194 

0170 


47 

42 

37 

33 

30 


27 

23 

21 

18 

16 


15 

8 

4 

28 

10 


0149 

0131 

0115 

0101 

0089 


Ao 


A, 


z  =  18 


53  0.253 
53  0.249 
52  0.241 
50  0 . 233 


48 


0.226 


46 

44 

41 

39 

38 


36 

34 

32 

304 

285 


261 
257 
238 
229 
21  £ 
205 


183 

164 

147 

130 

118 


0078 

0068 

0060 

0052 

0046 


0041 
0021 
001 1 
00058 
00030 


105 

95 

85 

75 

67 


0.213 
0.200 
0.187 
0.  176 
0.166 


0.156 
0. 146 
0.137 
0.  129 
0.  121 


113 

107 

100 

0942 

0883 

0830 


0731 

0646 

0570 

0502 

0444 


60 

53 

48 

42 

38 


33 

31 

27 

24 

22 


58 

11 

6 

31 

18 


A  q  I  A  i 


z  =  19 


60  0.313 
59  0.308 
58  0.299 
57  0.290 
0.281 


55 


0391 

0345 

0305 

0269 

0237 


0209 

0184 

0163 

0143 

0127 


0111 

0099 

0087 

0076 

0068 


0059 

0032 

0017 

00089 

00048 


0.264 

0.249 

0.234 

0.220 

0.208 


31 

29 

28 

258 

247 

240 


213 

191 

171 

156 

138 


124 

112 

101 

90 

81 


0.196 
0.184 
0.173 
0. 163 
0.153 


0.  144 
0.  136 
0.  128 
0.120 
0  113 
0.  107 


0944 

0837 

0741 

0658 

0582 


70 

65 

57 

50 

45 


43 

38 

35 

33 

27 


25 

14 

8 

51 


0515 

0457 

0406 

0359 

0318 


15 
15 
14 
12 
1  2 


6 

126 


107 

96 

83 

76 

67 


58 

51 

47 

41 

39 


0279 

0249 

0220 

0193 

0172 


0154 

0137 

0122 

0109 

0095 


49  0 


0084 

0046 

0025 

0014 

00097 


30 

29 

27 

21 

18 


38 

21 

11 


Ax 

z 

=  20 

Ay 

Ax 

z 

=  21 

70 

0. 

383 

78 

0. 

461 

69 

0. 

377 

77 

0. 

454 

67 

0. 

366 

75 

0. 
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65 

0. 

355 

74 

0. 

429 

64 

0. 

345 

19 

72 

0. 

417 

62 

0. 

326 

68 

0. 

394 

58 

0. 

307 

66 

0. 

373 

56 

0. 

290 

62 

0. 

352 

53 

0 

273 

60 

0. 

333 

49 

0 

257 

14 

57 

0 

314 

47 

0 

243 

54 

0 

297 

45 

0 

229 

52 

0 

281 

43 

0 

216 

50 

0 

266 

41 

0 

204 

47 

0 

251 

39 

0 

192 

11 

45 

0 

237 

37 

0 

181 

43 

0 

224 

35 

0 

171 

41 

0 

212 

33 

0 

161 

39 

0 

200 

32 

0 

152 

37 

0 

189 

30 

0 

143 

36 

0 

179 

28 

0 

135 

15 

34 

0 

169 

256 

0 

120 

31 

0 

151 

233 

0 

107 

27 

0 

134 

211 

0 

0952 

258 

0 

121 

191 

0 

0849 

231 

0 

108 

173 

0 

0755 

84 

207 

0 

0962 

156 

0 

0671 

71 

188 

0 

0859 

140 

0 

0597 

170 

0 

0767 

126 

0 

0532 

154 

0 

0686 

113 

0 

0472 

140 

0 

0612 

103 

0 

0421 

46 

126 

0 

0547 

96 

0 

0375 

114 

0 

0489 

85 

0 

0334 

103 

0 

0437 

78 

0 

0298 

91 

0 

0389 

73 

0 

0266 

82 

0 

0348 

65 

0 

0237 

27 

74 

0 

0311 

56 

0 

0210 

26 

66 

0 

0276 

47 

0 

0184 

64 

0 

0248 

42 

0 

0164 

zU 

57 

0 

0221 

36 

0 

0145 

19 

52 

0 

0197 

35 

0 

0130 

15 

14 

45 

0 

0175 

32 

0 

0116 

51 

40 

0 

0156 

19 

0 

0065 

22 

0 

0087 

4 

0 

0029 

.30 

21 

0 

0050 

6 

0 

0020 

9 

0 

0029 

13 

0 

.0011 

9 

6 

0 

0017 

17 

13 

13 

118 

103 


23 
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Table  14.4.  Value  of  Function  Pc  ( Continued ) 

=  200 


a 

z  =  22 

A  o 

A, 

2  =  23 

Ag 

A, 

z  —  24 

Ag 

A, 

2  =  25 

Ag 

A* 

«  =  26 

Ag 

0  10 

0.25 

0.50 

0.75 

1.00 

1.5 

2.0 

2.5 
3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

50.0 

55.0 

10.0 

15.0 

>0.0 

0.547 

0.539 

0.524 

0.510 

0.496 

0.470 

0.445 

0.422 

0.399 

0.378 

0.358 

0.339 

0.321 

0.304 

0.287 

0.272 

0.258 

0.244 

0.231 

0.219 

0.207 

0. 186 

0.167 

0.149 

0.  134 

0.  120 

0.108 

0.0967 

0.0867 

0.0776 

0 . 0697 

0.0624 

0 . 0560 
0.0501 
0.0451 

0 . 0405 

0 . 0360 
0.0324 
0.0291 
0.0261 
0.0234 

0 . 0209 
0.0122 
0.0071 
0.0041 
0.0024 

8 

15 

14 

14 

26 

25 

23 

23 

21 

20 

19 

18 

17 

17 

15 

14 

14 

13 

12 

12 

21 

19 

18 

15 

14 

12 

113 

100 

91 

79 

73 

64 

59 

50 

46 

45 

36 

33 

30 

27 

25 

87 

51 

30 

17 

92 

91 

89 

87 

86 

82 

79 

75 

72 

69 

66 

63 

61 

58 

57 

54 

51 

49 

47 

45 

43 

40 

35 

33 

30 

28 

25 

233 

213 

192 

176 

161 

145 

131 

119 

109 

101 

89 

81 

75 

69 

64 

39 

25 

15 

9 

0 . 639 

0 . 630 
0.613 
0.597 

0.582 

0.552 

0.524 

0.497 

0.471 

0.447 

0.424 

0.402 

0.382 

0.362 

0.344 

0.326 

0.309 

0.293 

0  278 

0 . 264 
0.250 

0.226 

0.202 

0.  182 

0.  164 
0.148 

0.133 

0.120 

0.  108 

0.0968 

0.0873 

0.0785 

0.0705 

0.0632 

0.0570 

0.0514 

0.0461 

0.0413 

0.0372 

0 . 0336 

0 . 0303 

0.0273 

0.0161 

0.0090 

0 . 0056 

0 . 0033 

9 

17 

16 

15 

30 

28 

27 

26 

24 

23 

22 

20 

20 

18 

18 

17 

16 

15 

14 

14 

24 

24 

20 

18 

16 

15 

13 

12 

112 

95 

88 

80 

73 

62 

56 

53 

48 

41 

30 

33 

30 

12 

65 

40 

23 

99 

98 

95 

93 

91 

88 

84 

81 

77 

73 

71 

09 

65 

63 

60 

58 

56 

53 

51 

49 

47 

43 

40 

37 

34 

31 

29 

26 

23 

212 

197 

180 

166 

143 

138 

127 

118 

109 

99 

89 

80 

74 

47 

29 

20 

12 

0.738 

0.728 

0.708 

0.690 

0.673 

0.640 

0.608 

0.578 

0.548 

0.520 

0.495 

0.471 

0.447 

0.425 

0.404 

0.384 

0  365 

0 . 346 
0.329 
0.313 
0.297 

0 . 269 
0.242 

0  219 

0.  198 

0.  179 

0. 162 
0.146 
0.131 
0.118 
0.107 

0 . 0965 
0.0871 
0.0785 

0 . 0708 
0.0641 

0.0579 

0.0522 

0.0471 

0.0425 

0 . 0383 

0.0347 

0 . 0208 
0.0125 

0 . 0076 
0.0045 

10 

20 

18 

17 

33 

32 

30 

30 

28 

25 

24 

24 

22 

21 

20 

19 

19 

17 

16 

16 

28 

27 

23 

21 

19 

17 

16 

15 

13 

11 

105 

94 

86 

77 

67 

62 

57 

51 

46 

42 

36 

139 

83 

49 

31 

104 

98 

98 

95 

94 

90 

88 

84 

80 

77 

76 

74 

73 

70 

67 

64 

60 

58 

56 

53 

51 

46 

43 

39 

36 

33 

30 

28 

26 

24 

22 

195 

179 

165 

152 

137 

125 

116 

108 

100 

94 

87 

55 

33 

20 

13 

0.842 

0.826 

0.806 

0.785 

0.767 

0.730 

0.696 

0.662 

0.628 

0.597 

0.571 

0.545 

0.520 

0.495 

0.471 

0.448 

0.425 

0.404 

0.385 

0 . 366 
0.348 

0.315 

0.285 

0.258 

0.234 

0.212 

0  192 
0.174 

0. 157 

0.  142 
0.129 

0.116 

0.105 

0 . 0950 

0 . 0860 
0.0778 

0.0704 

0.0638 

0.0579 

0.0525 

0.0477 

0.0434 

0.0263 

0.0158 

0 . 0096 
0.0058 

16 

20 

21 

18 

37 

34 

34 

34 

31 

26 

26 

25 

25 

24 

23 

23 
21 

19 

19 

18 

33 

30 

27 

24 
22 

20 

18 

17 

15 

13 

13 

11 

100 

90 

82 

74 

66 

59 

54 

48 

43 

171 

105 

62 

38 

104 

101 

101 

98 

97 

93 

90 

87 

84 

81 

79 

77 

75 

74 

72 

70 

68 

65 

60 

57 

54 

49 

44 

41 

37 

34 

31 

f 

26 

24 

22 

21 

20 

190 

170 

152 

138 

128 

119 

112 

105 

97 

64 

42 
28 
19 

0.946 

0.927 

0.907 

0.883 

0.864 

0.823 

0.780 

0.749 

0.712 

0.678 

0.650 

0.622 

0.595 

0 . 569 

0.543 

0.518 

0.493 

0.469 

0 . 445 
0.423 

0.402 

0 . 364 
0.329 
0.299 
0.271 
0.240 

0.223 

0.202 

0.183 

0.166 

0.151 

0.  137 

0.  125 
0.114 

0.  103 
0.0930 

0.0842 

0.0766 

0 . 0698 
0.0637 

0 . 0582 

0.0531 

0.0327 

0 . 0200 
0.0124 
0.0077 

19 

20 

24 

19 

41 

37 

37 

37 

34 
28 

28 

27 

26 

26 

25 

25 

24 

24 
22 

21 

38 

35 
30 

28 

25 

23 

21 

19 

17 

15 

14 

12 

11 

11 

100 

88 

76 

68 

61 

55 

51 

204 

127 

76 

47 

442 


STERILIZATION  IN  FOOD  TECHNOLOGY 

the  a\ciage  of  the  values  obtained  for  the  six  curves  representing  ear 
value  of  2  was  accepted  as  the  slope  value  for  that  set  of  six  curves, 
curve  B(  in  Fig.  14.4  shows  the  relationship  between  2  value  and  th 
slope  value  of  the  Pc-g  curves.  A  table  was  made  of  X  values  fron 


10  20  30  40  50  60  70  80 

z 

Fig.  14.4.  Relationship  between  2  value  and  the  slope  value  of  Pc-g  curves. 

curve  BC  for  all  values  of  2  from  6  to  80.  Increments  of  X  for  unit 
changes  of  2  were  plotted  against  2,  and  values  from  this  curve  were  used 
to  readjust  values  to  give  uniformity  to  the  table.  The  result  was 
Table  14.5. 

The  Pc  values  of  the  intercepts  of  the  Pc-g  curves,  with  their  respective 
vertical  axes  g  =  0.1,  were  tabulated  in  juxtaposition  with  their  respec¬ 
tive  2  values.  Increments  of  the  intercept  value  J  for  unit  changes  of  2 
were  plotted  against  2,  and  values  from  this  curve  were  used  to  readjust 
values  to  give  uniformity  to  the  table.  The  result  was  Table  14.6. 

Let  Pcm  =  value  of  Pc  when  xh  =  200;  then,  through  substitutions  in 
(12.1)  of  Chap.  12,  the  equation  for  the  locus  of  P c  values  representing 
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Table 

14.5. 

Slopes  of 

Pc-g 

Curves  in 

Fig.  14.; 

5  FOR 

Different 

Values 

OF  2 

Slope 

X 

Slope 

X 

z 

Slope 

X 

z 

Slope 

X 

2 

Slope 

X 

2 

10.30 

21 

20.40 

36 

31 

.49 

51 

45 

.51 

66 

68.55 

10.95 

22 

21.10 

37 

32 

.30 

52 

46 

.68 

67 

70.59 

11.60 

23 

21.80 

38 

33 

.  12 

53 

47 

.90 

68 

72.71 

12.25 

24 

22.50 

39 

33 

.95 

54 

49 

.17 

69 

74 . 92 

12.92 

25 

23.21 

40 

34 

.80 

55 

50 

.49 

70 

77.23 

13.58 

26 

23.92 

41 

35 

.67 

56 

51 

.85 

71 

79.64 

14.25 

27 

24.64 

42 

36 

55 

57 

53 

26 

72 

82.15 

14.92 

28 

25.37 

43 

37 

45 

58 

54. 

72 

73 

84.76 

15.59 

29 

26.10 

44 

38. 

37 

59 

56. 

23 

74 

87.47 

16.27 

30 

26.84 

45 

39. 

31 

60 

57. 

80 

75 

90.29 

16.95 

31 

27.59 

46 

40 

27 

61 

59 

43 

76 

93.21 

17.63 

32 

28.35 

47 

41 

25 

62 

61 . 

12 

77 

96.24 

18.32 

33 

29.12 

48 

42 

26 

63 

62. 

88 

78 

99.37 

19.01 

34 

29.90 

49 

43. 

31 

64 

64. 

70 

79 

102.61 

19.70 

35 

30 . 69 

50 

44. 

39 

65 

66. 

59 

80 

105.93 

rABLE  14.6.  Pc  Values  of  the  Intercepts  of  the  Pc-g  Curves,  with  Their 
Respective  Vertical  Axes  g  =0.1,  for  Different  Values  of  z 


Intercept 

Intercept 

Intercept 

Intercept 

Intercept 

2 

J 

2 

J 

2 

J 

2 

J 

2 

J 

21 

0.4614 

36 

2.1837 

51 

4.3542 

66 

6.6284 

22 

0 . 5474 

37 

2.3207 

52 

4.5042 

67 

6.7811 

8 

0.00205 

23 

0 . 6399 

38 

2 . 4582 

53 

4 . 6547 

68 

6 . 9339 

9 

0.00465 

24 

0.7379 

39 

2 . 5982 

54 

4 . 8054 

69 

7.0868 

10 

0.010 

25 

0 . 8404 

40 

2.7397 

55 

4 . 9564 

70 

7 . 2398 

11 

0.0195 

26 

0 . 9462 

41 

2 . 8827 

56 

5.1074 

71 

7.3929 

12 

0.0335 

27 

1.0572 

42 

3 . 0267 

57 

5 . 2589 

72 

7.5460 

1.3 

0.0533 

28 

1.1717 

43 

3.1717 

58 

5.4107 

73 

7.6991 

14 

0.0793 

29 

1 . 2892 

44 

3.3177 

59 

5.5627 

74 

7 . 8523 

15 

0.1124 

30 

1 . 4097 

45 

3 . 4642 

60 

5.7147 

75 

8.0055 

16 

0.1529 

31 

1.5322 

46 

3.6112 

61 

5 . 8667 

76 

8.1588 

17 

0.1999 

32 

1 . 6582 

47 

3 . 7587 

62 

6.0187 

77 

8.3121 

18 

0.2534 

33 

1 . 7862 

48 

3 . 9067 

63 

6.1709 

78 

8.4654 

19 

0.3134 

34 

1.9162 

49 

4.0552 

64 

6.3233 

79 

8.6188 

20 

0 . 3834 

35 

2.0487 

50 

4.2042 

65 

6.4758 

80 

8.7722 

given  value 

of  z  and  a  given 

value  of  (j 

for  different  values  of  is 

1A1  -  200 
815 


log 


Pern 

Pc 


(14.12) 


t  is  recalled  that  815  is  the  slope  value  of  the  loci.  In  (14.12)  P  corre- 
ponds  to  the  given  values  of  2  and  g  for  all  values  of  ’  Through 
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substitutions  ill  (12.1),  the  equation  for  a  Pc-g  curve  in  the  sectio 
representing  </u  =  200  is 


0-0.1 

X  =  lo« 


J 

Pern 


(14.12c 


Since  the  slope  of  the  Pc-g  curve  for  a  given  value  of  z  is  the  same  f<f 
all  values  of  \J/\,  (14.12a)  can  be  used  to  represent  any  value  of  \px  b: 
replacing  Pcm  therein  with  Pc  from  (14.12).  Combining  (14  12)  an' 
(14.12a), 


Pc  =  log'1  (log  J  -  ~  l/^?00 


815 


(14.121 

(14.12c: 


Pc  values  for  Table  14.4  were  obtained  by  the  use  of  (14.12c)  by  thl 
procedure  illustrated  in  Table  14.7. 

Table  14.7.  Examples  in  the  Use  of  Eq.  (14.12c) 


0 

z 

J 

(Table 

14.6) 

log  J 

A' 

(Table 

14.5) 

0  -  0.1 

0  -  0.1 

lAl 

}f/i  —  200 

log  J  - 

-  200 

815 

Pc 

X 

815 

5 

80 

8  7722 

0.9432 

105.93 

4.9 

0. 0463 

160 

-  0  04904 

0.9459 

8 . 825 

5 

18 

0  2534 

-  0 . 5963 

18.32 

4.9 

0.2677 

160 

-  0  04904 

1.  186 

0  1535 

10 

80 

8.7722 

0.9432 

105.93 

9.9 

0.0935 

160 

-  0 . 04904 

0.8987 

7.910 

10 

18 

0 . 2534 

-  0 . 5963 

18.32 

9.9 

0.5404 

160 

-0.04904 

2.9123 

0.0817 

5 

80 

8.7722 

0.9432 

105.93 

4.9 

0.0463 

260 

0.07365 

0.8232 

6 . 65 

5 

18 

0.2534 

-0.5963 

18.32 

4.9 

0.2677 

260 

0.07365 

1 . 0623 

0. 1155 

Final  Steps  in  Development  of  Table  14.3  ( Ph  Values) 

Now  that  we  have  determined  the  Pc  values  for  Table  14.4,  we  shal 
try  to  describe  the  prolonged  procedure  through  which  Table  14.. 
(values  of  Ph)  was  put  into  its  final  consistent  state  in  which  all  column 
of  Ph  and  delta  values  form  consistent  series.  The  usability  of  the  tabl 
would  not  be  materially  impaired  by  the  presence  of  saw-tooth  pattern 
in  the  columns  of  delta  values,  but  a  table  containing  such  pattern 
certainly  lacks  a  finished  appearance.  For  that  reason,  an  inordinate 
amount  of  work  was  carried  out  in  order  to  iron  out  the  “wrinkles  an< 
give  the  table  a  pleasing  appearance.  We  believe  also  that  the  accurac: 
of  the  table  was  at  least  slightly  improved  by  the  ‘  ironing-out  process 
We  are  starting  now  with  the  table  mentioned  on  page  42/,  wmc 
was  the  precursor  of  the  finished  Table  14.3.  First  step  was  to  pot. 
P,,-z  curve  for  g  =  0.1,  using  values  taken  from  the  piecuisot 
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ph  values  for  successive  values  of  z  were  taken  from  this  curve,  delta 
ncrements  in  these  values  for  successive  changes  in  z  value  were  calcu- 
ated,  and  these  increments,  Az,  were  plotted  against  z.  The  process  was 
;arried  one  step  further  by  plotting  AAz  values  against  z.  From  these 
•urves,  a  consistent  progression  of  Ph  values  for  g  =  0.1  was  established. 
These  values  are  the  starting  points  for  all  columns  of  Table  14.3. 

Next  step  was  to  plot  Ag  increments  of  Ph  values,  taken  from  the 
irecursor  table,  against  z.  Ag  values  from  these  curves  were  put 
hrough  a  process  of  readjustment  by  graphical  and  mathematical  treat- 
nent,  which  led  to  the  plotting  of  a  new  series  of  A g-z  curves  for  the 
anges  g  =  0.10  to  g  =  0.29  and  z  =  10  to  z  =  22.  A  further  mathe- 
natical  and  graphical  treatment,  which  was  too  long  and  involved  to 
xplain  here,  led  to  the  plotting  of  an  additional  series  of  A  g-z  curves  for 

=  0.10,  0.13,  0.16,  0.20,  0.24,  and  0.29  for  the  ranges  of  z  values  from 
8  to  80. 

Values  from  these  curves  were  then  used  for  plotting  A g-g  curves  to 
emilogarithmic  coordinates,  which  curves  were  then  replotted  to  linear 
oordinates  in  order  to  increase  their  usefulness.  All  previous  curves 
iad  been  plotted  to  semilogarithmic  coordinates.  With  the  use  of  Ag 
ralues  from  the  linear  curves,  fable  14.3  was  recast.  This  was  the 

raft  of  Mar.  7,  1951.  However,  this  still  was  not  Table  14.3  in  its 
nal  form. 


\  alues  of  Ag  from  the  Alar.  7,  1951,  edition  were  columnized  along 
[ith  values  of  AAg.  By  inspection,  the  values  of  AAg  were  readjusted 
o  make  them  consistently  progressive,  and  the  columnized  values  of  Ag 
•ere  changed  accordingly.  These  values  were  transferred  back  to 

iable  14.3,  and  the  values  of  Ph  were  readjusted  to  agree  with  them 
Apr.  15,  1951). 

The  work  of  the  next  two  or  three  months  to  produce  the  final  values 
Ag,  Az,  and  Ph  for  Table  14.3  would  provide  material  for  a  semester’s 
ourse  in  developing  working  tables  of  parameters,  but  the  only  logical 
3as°n  for  ^eluding  a  description  of  the  work  here  would  be  to  put  the 
Bader  to  sleep.  Therefore,  we  shall  just  say  that  Table  14.3  is  now 


NATURE  OF  NEW  SYSTEM 

This  method  of  obtaining  the  values  of  the  parameters  Ph  and  Pc  scents 

.Chfpla  2  Ttre°mparetd  t0,  the  Tthod  previous|y  usecl  as  described 
*P'  T-  ,ItrePresents  a  logical  approach  to  a  calculation  procedure 
61  ’  tv  toll  is  simply  to  establish  a  series  of  parameters  apDlvintr  to 
complete  gamut  of  processes  calculated  by  the  general  method  a  1 
Pplying  to  all  conditions  within  our  range  of  interSt  thus  nrl  d  d 
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in  a  process  to  be  calculated  can  be  fitted.  This  new  formula  methoc 
for  example,  handles  complex  problems  of  the  type  illustrated  in  prod 
lems  20  and  21,  (’hap.  13.  The  range  of  z  values  included  in  the  patten 
has  been  increased  to  include  the  value  of  80  in  order  to  make  it  possibk 
to  use  the  calculation  procedure  outside  of  the  range  of  bacterial  destruc 
tion,  for  example,  in  the  field  of  destruction  of  nutritive  elements,  sue: 
as  thiamin,  the  thermal  destruction  time  curves  for  which  have  slop: 
values  much  greater  than  those  of  bacterial  thermal  death  time  curve.- 
This  subject  will  be  treated  in  the  next  chapter. 

Since  Chap.  14  is  concerned  primarily  with  microorganisms  an 
Chap.  15  with  nutritive  and  organoleptic  attributes,  the  values  of  Ph,  P 
and  Pq,  corresponding  to  values  of  z  up  to  and  including  26,  are  give, 
in  Tables  14.3,  14.4,  and  14.8  in  Chap.  14,  while  the  values  of  thes 
parameters  corresponding  to  values  of  z  (or  i)  greater  than  26  are  give 
in  Tables  15.2,  15.3,  and  15.4  in  Chap.  15. 

Adoption  of  the  new  formula  method  has  resulted  in  the  eliminatio 
of  three  functions  which  were  prominent  in  the  old  system  of  calculatior 
namely,  fh/U,  Y'220,  and  p  . 


DEVELOPMENT  OF  EQUATIONS— FINAL  STEPS 
Basic  Equation 

Although  the  values  of  Ph  and  Pc  in  Tables  14.3  and  14.4  apply  t 
the  conditions  enumerated  on  page  411,  these  values  may  be  converte' 
by  means  of  simple  algebraic  calculations  to  per  cent  destruction  value 
Ph  and  pc  during  heating  and  cooling  for  any  values  of  /,  j,  I,  c,  F,  and  T 
The  conversions  with  respect  to  /,  c,  F,  and  Tx  are  given  in  (14. lie)  an 
(14.11/). 

Adjustments  for  values  of  j  and  I  differing  from  1.0  and  100,  respec 
tively,  are  made  by  applying  corrections  to  the  calculated  length  c 
process.  Means  for  making  these  corrections  are  a  part  of  the  calciJ 
lation  procedures,  based  on  the  principles  set  forth  in  Chap.  '•  Th 
value  of  jc  is  constant  at  1.41,  but  the  fact  that  the  calculation  pioce  ure 
permit  the  use  of  any  value  of  c  opens  the  way  for  making  approxima 
corrections  for  jc  by  changing  the  value  of  c.  For  example  a  coolin 
curve  having  values  jc  =  1.8,  c  =  60  can  be  approximated  closely  by 
curve  for  which  jc  =  1.41  and  c  has  some  value  greater  than  60. 
some  practice,  one  can,  by  inspection,  make  such  a  correction  grap  ic 

with  a  good  degree  of  accuracy.  ,  ,  ioa  j 

The  relationship  between  Pc  and  g  which  is  expressed  by  (U.Uc) 

explained  as  a  graphical  relationship  as  follows. 

♦  This  explanation  of  a  graphical  relationship  is  given  merely  to  satisfy  the  cums,. 
_ ,  s™  thP  fivnlanation  does  not  have  to  be  used  in  the  opera 


of  the  worker.  Since  the  explanation  does  not  have  to  be  used 
the  calculation  method,  an  illustrative  manipulation  is  not  given 
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Given  the  values  of  \pi,  z,  and  g,  to  find  Pc,  one  starts  at  the  inter¬ 
section  of  one  of  the  six  vertical  lines  in  Fig.  14.4  having  \p\  values  of  130, 
150,  170,  200,  230,  and  260,  respectively,  and  the  line  representing  the 
given  value  of  z,  slanting  downward  to  the  left  from  the  vertical  line. 
(The  vertical  line  chosen  is  preferably,  but  not  necessarily,  that  having  a 
value  nearest  to  the  given  value  of  \p\.  If  desired,  the  line  representing 
the  value  200  may  always  be  chosen.  The  value  of  this  line  is  designated 
by  the  symbol 

One  follows  the  slanting  line  downward  and  to  the  left  until  he  has 
traversed  a  number  of  degrees  Fahrenheit  on  the  horizontal  g  scale  equal 
:o  the  value  of  g.  From  this  point  he  moves  in  the  direction  of  the 
Droken-line  loci  either  to  the  right  or  to  the  left  until  he  has  traversed 
he  number  of  degrees  Fahrenheit  on  the  horizontal  scale  which  is  equal 
;o  \p i  -  If  vG  -  \f/ 1  is  negative,  he  moves  to  the  left;  if  positive,  he 
noves  to  the  right.  The  resting  point  indicates  the  value  of  per  cent 
lest  ruction  Pc  for  c  =  1,  F  =  1,  7\  =  220°. 

By  definition, 

V  =  Vh  +  Pc  (14.13) 

Combining  (14. lie),  (14.1 1/),  and  (14.13;, 


Z 

V  =  p  ( fPh  +  cPc )  (14.13a) 

The  Function  Pq 

When  a  process  is  to  be  calculated,  the  value  of  p  is  given  as  a  condition 

the  problem.  1  hus,  the  operation  required  for  a  solution  is  indicated 
»y  transposing  (14.13a), 


fl\ 


+  cPc  = 


_  pF 
Z 


(14.136) 


The  problem  is  to  find  the  values  of  1\  and  I\.  It  is  desirable,  there- 
ore  to  represent  the  function  of  Ph  and  />,  in  the  left-hand  member  of 

rte  ?  ,y  a  Smg  Symbo1'  values  of  relation  to  g,  can  be 

resented  in  curves  or  tables. 


)ivide  (14.136)  by/: 
!y  definition,  let 

nd 

7e  have 


Pk+J  Pc 


pF 

fZ\ 


Pq  —  Ph  +  qPc 

p  =  PP 
9  fZi 


(14.13c) 

(14.13d) 

(14.13c) 

(14.13/) 


Table  14.8.  Value  of  Function 
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Table  14.8.  Value  of  Function  P,  ( Continued ) 
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Table  14.8.  Value  of  Function  Pq  ( Continued ) 
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Table  14.8.  Value  of  Function  Pq  ( Continued ) 
P,  =  Ph  +  qPc  *,  =  200 
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Pq  values  for  Table  14.8  were  obtained  by  the  use  of  (14.13c),  takini 
values  of  Ph  and  Pe  from  Tables  14.3  and  14.4,  respectively. 

Table  14.8,  in  its  present  form,  does  not  allow  easy  interpolation 
Using  Eq.  (14.13e)  and  Tables  14.3  and  14.4,  the  worker  can,  with  easi- 
complete  Table  14.8  for  all  values  of  z  and  g  and  for  additional  value, 
of  q,  thus  providing  for  easy  conversion  of  values  for  all  combination 
of  heating  curve  and  cooling  curve  slope  values. 

Equation  (14.13/)  is  a  basic  equation  of  the  new  system  of  calculatim 
processes  having  simple  heating  curves.  The  following  adaptation  e 
(14.13/)  is  used  when  g  <0.1: 


q  0.1 


Vo.\F 

fZi 


(14.136 


Adaptations  of  Basic  Equation 

A.  When  there  is  (1)  one  break  in  the  heating  curve,  (2)  the  proces 
is  a  simple  one,  and  (3)  c  9^  fi,  by  definition, 

V  =  P2  +  Pui  —  Pu2  (14.14 


The  truth  of  (14.14)  is  apparent  from  an  inspection  of  the  symboli 
diagram  of  Fig.  14.5,  where  ~KC  represents  a  heating  curve  having 
slope  value  of  /2,  YB  a  section  of  a  heating  curve  having  a  slope  valu 


of  fi  and  CD,  a  cooling  curve  having  a  slope  value  c.  Symbolically,  th 
urea  AC  DA  may  be  taken  to  represent  the  per  cent  sterilization  va  lie  % 
of  a  process  having  a  heating  curve  of  constant  slope  /,  terminating  a 
point  C  and  a  cooling  curve  of  slope  value  e.  The  area  A  l  '■  ra  y 
taken  to  represent  the  per  cent  sterilization  value  p.,  of  a  process  h 
a  heating  curve  of  constant  slope/,,  terminating  at  P0'"* 
taneous  cooling  as  indicated  by  the  line  W.  The  area 
taken  to  represent  the  per  cent  sterilization  value  p«  1  o  a  pto 
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heating  curve  of  constant  slope  value /i,  terminating  at  point  B,  and 
istantaneous  cooling  as  indicated  by  the  line  BF. 


A  similar  graphical  symbolization  to  that  of  Fig.  14.5  can  be  evolved 
y  the  reader  to  explain  each  equation  of  the  type  of  (14.14),  such  as 
14.14/),  (14.140,  (14.140,  and  (14.1455). 


Substituting  in  (14.13/), 

fiP  qZ  l 

P 2  =  -J- 

(14.14a) 

Substituting  in  (14. lie),  or  by  definition  of  terms, 

_  ftPJi 

Pu  2  p 

(14.145) 

T3 

K 

II 

tsi 

H 

(14.14c) 

Combining  (14.14),  (14.14a),  (14.145),  and  (14.14c), 

p  =  (P,  -  MP.) 

(14. 14c?) 

F  =  ~  (P.  -  MP.) 

(14.14e) 

or  definition  of  M,  see  page  502.  M  =  1  —  fx/f2. 

Equation  (14.14e)  is  the  adaptation  of  (14.13/)  applying  to  a  simple 
■ocess  having  one  break  in  the  heating  curve. 

B.  When  (1)  there  is  a  simple  heating  curve,  (2)  the  process  is  a 
vided  one,  and  (3)  c  ^  /,  by  definition, 


V  —  V 1  ~  Puk  +  Pv 

ibstituting  in  (14.13/),  or  by  definition, 


Pi  = 


_  2 


bstitutmg  in  (14. lie),  or  by  definition  of  term? 


ms, 


Puk  — 


Pui  = 


fPu*Z2 

F 

fPulZj 

F 


>mbining  (14.14/),  (14.14*),  (14.145),  and  (14.140, 


P  p  (Bq  Pu2  +  22 1 Pul) 
F  =f~2  ~  P u2  +  2 XPU1) 


(14.14/) 

(14.14*) 

(14.145) 

(14.14f) 

(14.14 j) 
(14.145) 
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For  definition  of  Si,  see  page  504,  Chap.  14.  Sx  =  Zi/Z2. 

Equation  (14.14/c)  is  the  adaptation  of  (14.1,3/)  applying  to  a  divided 
process  involving  a  simple  heating  curve. 

C.  When  (1)  there  are  two  breaks  in  the  heating  curve,  (2)  the  proces; 
is  a  simple  one,  and  (3)  c  /s,  by  definition, 


V  = 

7>:i  -  Pv 3  +  Pvi  -  Pu 2  +  Pul 

(14.14/: 

Substituting  in 

(14.13/) 

or  by  definition, 

„  _/^i 

Pi  p 

(14.14m1 

Substituting  in 

(14. lie) 

or  by  definition  of  terms, 

fiP  vhZl 

P*i  p 

(14.14n 

f-lPvhZ, 

Pv2  p 

(14.14o 

_  hPvZ, 

Pu2  p 

(14.14p 

fxPvZ, 

Pul  p 

(14.14? 

Combining  (14.140,  (14.14m),  (14.14n),  (14.14o),  (14.14p),  and  (14.14?) 

p  =  y1  [/,(P,  -  NPvh)  -  fiMPv]  (14. 14r 

F  =  —  [h(Pq  -  NPvh)  -  UMPv 1  (14.14s 

V 

For  definition  of  N,  see  page  502,  Chap.  14.  N  =  1  -  .U/U 
Equation  (14.14s)  is  the  adaptation  of  (14.13/)  applying  to  a  simpl 
process  having  twro  breaks  in  the  heating  cuive.  ,  , 

D.  When  (1)  there  is  a  change  in  retort  temperature,  (2)  followe 
one  break  in  the  heating  curve,  and  (3)  c  ^  fi,  by  definition, 

P  =  P‘2  ~  Pvm  +  Vvk  —  P>‘k  +  Vui  (14.14 

Substituting  in  (14.13/)  or  by  definition, 

f‘2  Pq%2  (14.141/ 

v 2  =  —f—  v  1 

_  f  jP v2%2  (14. 1*4^ 

Pvm  —  p 

JiPvzZz  (14. 14^ 

Pvk  —  p 
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Puk  — 
Pui  = 


f\P  u2%2 
~T~ 
flPuiZ i 
F 


(14.14a:) 
(14.14  y) 


Combining  (14. 14£),  (14.14m),  (14.14?;),  (14.14m;),  (14.14a:),  and  (14.14?/), 

P  =  j  IMP,  -  MP„)  -  fiR]  (14.14 z) 

F  =  ^  IMP,  -  MP„)  -  f,R)  (14.14oo) 

For  definition  of  R ,  see  page  503,  Chap.  14.  R  =  Pu2  - 
equation  (14.14aa)  is  the  adaptation  of  (14.13/)  applying  to  a  process 
laving  a  change  in  retort  temperature,  followed  by  one  break  in  the 
leating  curve. 

E.  When  (1)  there  is  one  break  in  the  heating  curve,  (2)  followed  by 
'  change  in  retort  temperature,  and  (3)  c  ^  f2,  by  definition, 


P  ~  Pi  —  Pum  +  Pvj  ~  Pvj  +  Pvi 

substituting  in  (14.13/)  or  by  definition, 


P2  = 


_  fd\Z2 


F 


(14.1400/ 


(14.14cc) 


substituting  in  (14.1  le)  or  by  definition  of  terms, 


_  f2Pu2Z2 


Pum  — 

r 

Pv  ~ 

_  _  AP.tZ. 

lJV)  — 


(14.14cW) 
(14.14ee) 
(14.14//) 
(14.14^) 

Combining  (14.1466),  (14.14*),  (14.14*1),  (14.14*),  (14.14//),  and 


Pvi  -- 


F 

flPvlZx 


P  =  !-p  (P,  -  MP„  -  2,Q) 
F  =  ~  (P,  -  MP„  -  2  ,Q) 


(14.1466) 

(14.14m) 


For  definition  of  Q,  see  page  503,  Chap.  14.  Q  =  p  ,  _  (f  /f  ,p 
quat.cn  (14.14ft)  is  the  adaptation  of  (14.13/)  applying  to  a  process 
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having  one  break  in  the  heating  curve,  followed  by  a  change  in  reton 
temperature. 

When  g  <  0.1 

When  the  maximum  temperature  Tg  attained  at  the  critical  point  i 
the  contents  of  a  container  is  less  than  0.1°  below  retort  temperatun 
i.e.,  when  g  <  0.1, 

t  =  to.i  +  tu  (14.lt 


where  t  =  length  of  process,  min 

to.i  =  number  of  minutes  from  beginning  of  process  for  product  b  1 
instant  at  which  the  critical  point  in  container  attains  tempe 
ature  0.1°  below  retort  temperature  To  or  7\ 
tu  =  number  of  minutes  required  to  complete  a  process  after  ten 
perature  at  critical  point  in  a  container  reaches  0.1°  belo 
retort  temperature  To  or  7\ 

Substituting  in  Eq.  (1),  TPTCF  (p.  13),  when  there  is  a  simple  heath 
curve  in  a  simple  process, 

to.i  =  /  log  (14.15t 


When  there  is  one  break  in  the  heating  curve,  the  process  is  simpl 
and  to.i  >  tp, 


‘°s  fr  +  U  log  0.1 


Qp 


(14.15( 


A  graphical  explanation  of  (14.15h)  is  seen  by  inspection  of  Fig.  14. 
Let  the  point  E  have  a  temperature  value  jl,  the  point  B,  a  temperatu 
value  gp,  and  the  point  C,  a  temperature  value  0.1°.  Then 


EF  =  U  log  ~ 

(Jp 


BG  =  FH  =  fo  log 


Op 


0.1 


and 


(o.i  =  EF  +  FH  =  /,  log  +  h  log  ^ 


A  graphical  explanation  along  similar  lines  can  be  evolved  \v 
reader  for  (14.15c),  (I4.15d),  (14.15dl),  and  (14.15c).  When  there 
simple  heating  curve,  the  process  is  divided,  and  /0.i  >  h, 
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kVhen  there  are  two  breaks  in  the  heating  curve,  the  process  is  simple, 
md  to.  1  ^  tphj 

<0.1  =  fi  log  y  +  h  log  y  +  /»  log  ^  (14.15c?) 

Qph  o.i 

Vhen  there  is  a  divided  process  followed  by  one  break  in  the  heating 
urve,  and  t0.  i  >  tp, 

to.i  =  /i  log  ^ — |-  /i  log  +  /2  log  (14.15dl) 

Qbr  gP*  U.  1 


Vhen  there  is  one  break  in  the  heating  curve,  and  then  the  process  is 
ivided,  and  to. i  >  tb, 

iJ  n  n. 

(14.15c) 


to.,  =  /,  log  it  +  /,  log  ^  +  /,  log 

{/pr  £7fcr  U.l 


Per  cent  destruction  during  the  time  t0.i  plus  the  cooling  period  is 
presented  by  the  symbol  p0.i-  For  a  process  in  which  the  maximum 
pmperature  attained  at  the  critical  point  in  the  container  is  0.1°  below 
-tort  temperature  at  the  instant  cooling  begins,  the  per  cent  destruction 
luring  heating  and  cooling  is  expressed  by  substituting  Pq0A  for  Pq  and 
lo.i  for  p  in  (14.13/),  (14.14d),  (14.14/),  (14.14r),  (14.14z),  and  (UAAhh) 
)r  the  conditions  represented  by  these  respective  equations.  From 
14.13/)  we  have  (14.13d): 


_  _fP,o.,Z, 

Po.l  —  - - 


rom  (14.14d), 


v«. I  =  y-  (P,  0.,  -  MP.) 


(14.1.5/) 


rom  (14.14/), 


fZ 

Po.l  —  -pr  ( Pq  0.1  -  Pu2  +  2l Pul) 


(14.15  g) 


rom  (14.14r), 


Po.i  =  y  [/»(P,  o.i  -  NPvh)  -  f2MPv\ 
rom  (14.14z), 

Z2 


(14.15 h) 


Po.i  =  y  [f2{Pq  0.1  -  MPv2)  -  fiR] 
rom  (U.Uhh), 


(14.15i) 


P0.1  -  y 


f*(p*  0.1  -  MPu2)  -  2j/2  (p 


.2  £  P„) 


(14.15/) 
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With  no  appreciable  error,  we  may  accept  Uh  the  thermal  death  time, 
at  retort  temperature,  as  being  also  the  thermal  death  time  for  the. 
temperature  which  is  0.1°  below  retort  temperature.  Therefore,  the. 
per  cent  destruction  which  takes  place  during  the  time  tu,  between  the. 
time  the  critical  point  in  the  container  attains  temperature  0.1°  below 
retort  temperature  and  the  instant  at  which  cooling  begins  is 


W  =  100  —  (14.151k) 

By  definition,  p  =  p0.i  +  pv  (14.150 

Combining  (14.15/),  (14.130),  and  (14.15 k),  we  have,  for  a  simple  process,- 
involving  a  simple  heating  curve, 


p  =  fP*£lZl  +  100  ~  (14.15m). 

F  =  fPq  0---Zl  +  100 

P  pFn 

F  =  *Pq  oaZi  +  ^  (14.15n) 

p  K  i 

tu  =  Ki  (f  -  (14. 15o> 


Combining  (14.15/),  (14.15/),  and  (14.15fc),  we  have,  for  a  simple  process 
in  which  there  is  one  break  in  the  heating  curve  and  Zo.i  >  tp, 


fiZi 

V 

F 

F 

_  fiZi 

V 

tu 

=  K 

-  (P, 

F  - 


0.,  -  MP,)  +  100^ 
-  MP,)  + 

(P,  o.  i  -  MP,) 

V  J 


(14.15p) 


(14.15?) 


(14.15r) 


Combining  (14.150,  (14.15s/),  and  (14.15*),  we  have,  for  a  divided  process 
involving  a  simple  heating  curve,  and  Zo.i  >  h, 

tu  (14.15s) 


V 


=  f-y  (P,  0..  -  Pul  +  Si P.i)  +  100 


F  =  —  (P,  o.,  -  P.i  +  S iP.i)  +  # 

P 


to  =  K 


F  —  —  (P,  o.i  -  P.i  +  S,P.O 


V 


(14.15/) 

(I4.15tt) 


Combining  (14.150,  (14.15*),  and  (14.15*),  we  have,  for  a  simple  process 
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involving  a  heating  curve  having  two  breaks,  and  /o.i  >  tph, 

P  =  y  IMP,  0.1  -  NP,h)  -  f,MP.)  +  100  (14.15!-) 

F  =  —  [ MP,  0.1  -  NP,„)  -  f,MP.]  +  #  (14.15m-) 

p  TV  i 

tu  =  K  IMP;  0.1  -  NP„)  -  (14.15*) 


Pom bining  (14.15/),  (14. lot),  and  (14.15&),  we  have,  for  a  divided  process 
in  which  a  change  in  retort  temperature  is  followed  by  one  break  in  the 

o  no  mirl  /  N.  / 


heating  curve ,  and  /0.i  >  tP, 

P  =  Y  IMP;  0.1  -  MPa)  -  fiR]  +  100  Jj- 
F  =  -  IMP,  0.1  -  MP.,)  -  SiR\  +  ~ 


tu  =  K,  {f  -  l f,(P ,  -  MP.,)  -  /,«]} 


(14.15//) 
(14.152) 
(14. 15aa) 


Combining  (14.1,5/)  (14.15 j),  and  (14.15 A;),  we  have,  for  a  divided 
process  in  which  there  is  one  break  in  the  heating  curve  followed,  by  a  change 
n  retort  temperature,  and  Z0.i  >  tb, 


_  Z2 
P  p1 

p7  =  ^2 


MP*  0.1  -  MPu2)  -  Z,/2  (pv2  -  j1  Pvy 


+  100  ~  (14.1565) 

U  2 


V 

u  =  k2  If 


MP*  o.i  -  mpu2 )  -  2^  (pv2  -  h  Pv 


h 


+ 


tu 

K, 


Z2 

V 


Mp *  on  -  mpu2)  -  s,/2  (pv2  -  f^pvi 


(14. 15cc) 
(14.15dd) 


Approach  to  the  Solution  of  Problems 

Of  the  preceding  equations,  only  13  will  be  used  in  solving  problems 

uT,  (14’15d)’  (14'15rfl)’  (14‘15e^  d4-^),  (14.15.),' 

i,  '  (  ;15f)’  (14'152),  (14-15aa),  (14.1566),  (14.15cc),  and  (14.15dd) 

equations  (14.15w),  (14.15.),  and  (14.15a:)  cover,  in  addition  to  the 
•  a  ing  curve  with  two  breaks,  the  simpler  conditions  of  one  break  in  the 
mg  curve  y  substituting  f2  for  fz  and  of  the  simple  heating  curve 

nd  Q4  itl  g  7  °1'  flJ  f\ aUd  U  WhGn  *  =  &  (14-15,),  (14-15.), 
Vhen  f  =  f  ‘4f?’  (1U5?)>  and  (1415r>-  respectively! 

14  15rn)  M4  ,r2  ,  h  [  ;]  “}’  (14'1Sw)>  and  (14.15*)  are  reduced  to 
,4  i  ..  .  .  1*  and  (14.15o),  respectively.  Similarly  (14  15/0 

onditions  of  thT  ’  (1415cc>-  and  (14.15 dd)  cover  the  simpler 

simple  heating  curve  by  substituting  /  for  /,  and  f,  and 
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of  the  simple  process  by  substituting  1\  for  T2.  When  /  =  jx  =  n 
(14.15 y)  and  (14.156b)  are  reduced  to  (14.15s);  (14.152)  and  (14.15cc< 
are  reduced  to  (14.150;  and  (14.15aa)  and  (14.15dd)  are  reduced  U 
(14.15tc).  hen  1\  =  7’2,  (14.15?)  and  (14.1566)  are  reduced  to  (14.15p)-, 

(14.152)  and  (14.15cc)  to  (14.15?) ;  and  (14.15aa)  and  (14.15dd)  U 
(14.15r).  When  /  =  =  f2  and  Tx  =  T 2,  (14.15?)  and  (14.1566)  an 
reduced  to  (14.15m);  (14.15?)  and  (14.15cc)  to  (14.15n);  and  (14.15aa: 
and  (14.15dd)  to  (14.15o). 

When  a  process  for  product  6  is  to  be  calculated,  which  is  equivalen: 
in  sterilizing  value  to  a  given  process  for  product  a,  the  value  of  F  i 
calculated  by  means  of  (14.15w),  (14.152),  or  (14.15cc),  applied  U 
product  a,  and  this  value  is  substituted  for  F  in  (14.15a:),  (14.15aa),  oi 
(14.15rW),  respectively,  applied  to  product  6.  To  facilitate  clarity  ii 
making  such  calculations,  the  subscript  of  each  symbol  in  (14.15w)’ 

(14.152) ,  and  (14.15cc)  is  augmented  by  the  addition  of  a.  The  calcu. 
lation  procedure  will  be  demonstrated  later. 

In  order  to  further  simplify  (14.15?;),  (14.151c),  (14.15a:),  (14.15?) 

(14.152),  (14.15aa),  (14.1566),  (14.15cc),  and  (14.15 dd),  let  =  /3^1/p; 
H 22  =  f 2Z 2/ p ,  and  =  Z\Fn  =  Z2Fi2  =  log  1  (30/2). 

From  (14. 15t>), 


(14.16a 


From  (14.l5ic), 


(14.1661 


From  (14.15a:), 


(14.16c 


(14.16c/' 


From  (14.152), 


(14.16c) 


(14.16/), 
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Prom  (14.1566), 

P  =  Y  HP,  0.1  -  AH’..)  -  S./=  (p,.  -  j'P..)  +  100  ^ 

Prom  (14.15cc), 

F  =  Hit(Pq  o.i  -  MP u2  -  SiQ)  + 

A  9 
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(14.16^) 


(14. 16^) 


?rom  (14.15 dd), 

tu  —  K2H22  - 1-  MP  u 2  +  ^\Q  —  iJ9  0.1^  (14.16f) 


When  the  critical  point  in  a  container  of  product  a  does  not  attain  a 
emperature  higher  than  0. 1°  below  retort  temperature,  Pq  0Aa  in  (14.166), 
14.16e),  and  (14.16 h)  is  replaced  by  Pqa,  and  tUa  becomes  nil  in  the  same 
quations.  When  the  critical  point  in  a  container  of  product  6  does  not 
ttain  a  temperature  higher  than  0.1°  below  retort  temperature,  substi- 
utions  of  Pg  for  P,o.i  and  of  0  for  tu  are  made  in  either  (14.16c)  and 
14.16/)  or  (14.16i).  In  such  cases,  the  length  of  process  is  determined 
y  solving  for  Pq,  entering  1  able  14.8  for  the  value  of  g,  substituting  g  for 
.1  and  t  for  /0.i  in  either  (14.15d)  and  (14.15dl)  or  (14.15e),  and  solving 
:>r  t.  For  a  solution  applying  to  a  process  for  product  6  in  which  <7  >  0.1, 
le  value  of  Pq  is  obtained  from  either  (14.16 j),  (14.16/b),  or  (14.16/). 

rom  (14.14s),  P,  =  L  +  .VP,*  +  h  MP , 

11  3  /  3 

rom  (14.14aa),  Pq  =  JL  +  MPvt  +  hR 

11  22  /2 

rom  (14.14m),  pq  =  +  MPu2  +  2 ,Q 

1 1 22 

Inpection  of  (14.16c)  and  (14.16 j)  readily  reveals  that,  for  a  simple 
wcess  involving  a  heating  curve  having  two  breaks, 


(14.16 j) 
(14.16  k) 
(14.16/) 


tu  -  KH3(f  q  -  Pq0A)  (14.16m) 

™T%Z°L(i4i6f)  and  (l4m  reveals  likewise  that.  /«■ « <n»ided 

e  heating  tile,  ^  is  ^ed  by  one  break  in 

to  =  K,Hn(P,  -  P,0.i)  (14.16n) 

'OMwinZhich  (14fVnd  ,(1416i)  reveals  also  *•!>»»,  for  a  divided 
tort  temperature^16  *"  ^  is  loUowed  bV  a  «  » 

to  =  K,H„(P,  -  P,0l) 


(14.160) 
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We  have  expressed  nine  of  our  working  equations,  viz.,  (14.15^) 
(14.15w),  (14.15s),  (14.15 y),  (14.152),  (14.15aa),  (14.1556),  (14.15a) 
and  (14.15dd)  in  new  terms  in  (14.16a),  (14.166),  (14.16m),  (14.16d) 
(14.16e),  (14.16n),  (14.160),  (14.16/i),  and  (14. 16o),  respectively,  and  we 
shall  now  add  a  number  of  additional  equations  to  the  working  listi 
First  among  these  are  (14.16/),  (14.16/c),  and  (14.16/),  which  areacceptec 
in  the  forms  shown  on  page  463. 

All  of  these  12  equations  were  formulated  to  apply  to  the  complete 
process,  comprising  the  heating  and  the  cooling  portions  combined.  W< 
shall  now  retrace  our  steps  sufficiently  to  produce  further  modifications 
of  working  equations  (14.16a),  (14.16d),  and  ( 14. 16gr)  to  adapt  them  foe 
handling  problems  which  apply  to  the  heating  portion  of  the  process 
only. 

To  remove  the  cooling  portion  of  the  process  from  (14.16a),  (14.16d) 
and  (14.160),  we  start  with  the  progenitors  of  those  equations,  viz. 
(14.14/),  (14.14/),  and  (14.1466).  In  each  of  these  equations,  the  first- 
term  of  its  right-hand  member,  viz.,  p3  or  p2,  is  the  only  term  which 
includes  value  of  the  cooling  portion.  In  line  with  (14.13),  therefore 
these  equations  become  limited  to  the  heating  portion  of  the  process  ii 
the  following  forms: 


From  (14.14/),  ph  =  Phz  —  P»z  +  Pvi  —  Pm  +  p«i 

From  (14.14/),  ph  =  Phi  —  Pvm  +  Pvk  —  pUk  +  Pui 

From  (14.1466),  ph  =  Phi  —  Pum  +  Puj  —  pVj  +  Pvi 


(14.16p) 
(14.169) 
(14. 16r) 


In  the  development  of  working  equations  from  the  above  three  equa-i 
tions,  substitution  of  symbols  in  (14.1  le)  is  used. 


PhZ 

Phi 


fJ\Z ! 

F 

fiPhZz 

F 


(14.16s) 

(14.16/i 


Thus,  the  final  working  equations  will  be  identical  with  those  previously, 
developed  from  (14.14/),  (14.14/),  and  (14.1466),  except  that  ph  is  substi¬ 
tuted  for  p,  Ph  for  Pq,  and  Ph  o.i  for  Pq  o.i,  giving  us  the  following  moditi-. 

cations  of  (14.16a),  (14.16eZ),  and  (14.160). 

Equation  (14.16a),  for  a  simple  process  in  which  there  are  two  breo'S 

the  heating  curve , 

z'\h(P^.l-NP.h)-hMP.  +  mt^ 


Vh 


F 


(14.16m) 


Equation  (14.16d),  for  a  divided  process  in  which  a  break  in  the  heating 
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Equation  (14.1 6(7),  for  a  divided  process  in  which  a  break  in  the  heating 
curve  precedes  the  change  in  processing  temperature , 


curve  follows  the  change  in  proccssmg  temperature , 

Z2 


Vh  = 


F 


f»(Pk  o.i  —  MPV 2)  —  fiR  -(-  100 


tu 


ih 


(14.16?;) 


Z, 


P*  =  F 


h(Ph  0.1  -  MPU 2)  -  f&iQ  +  100 


tu 


Hi 


(14.16u?) 


Equations  (14.16??),  (14.16??),  and  (14.16m?)  belong  in  the  group  of  working 
equations.  We  shall  now  complete  the  list  by  adding  the  following: 
Substituting  in  (14.13e), 


n  which 


Pq  0.1  —  Ph  0.1  +  eiPco.i 


c 


(14.16.C) 

(14.16?/) 


Substituting  in  (14.1 00?)  and  transposing, 


g  =  log-1  (log  gph  -  t  +  T  log  “  +  t  log  — 

'  k  i  ji  gp  f  3  gph 


) 


(14.16s) 


LIST  OF  WORKING  EQUATIONS 

To  give  flexibility  to  the  equations,  giving  the  procedures  a  broad 
overage  and  thus  making  it  possible  for  the  worker  to  handle  the  many 
bmbinations  of  conditions  which  may  be  encountered,  the  working 
quations,  except  the  variations  of  Eqs.  (. K )  and  (L),  are  presented  in 
enerahzed  form  rnth  many  of  the  symbols  being  represented  by  num- 
rals.  Tables  will  show  the  symbols  to  be  substituted  for  the  numerals 
each  combination  of  problem  conditions.  A  complete  list  of  the 

»blebS°  1CThUa  lrS  WlU  fi,rSt  b°  given'  and  this  win  be  followed  by  the 
■  hen  the  procedures  for  solving  problems  will  be  illustrated 
■1th  examples.  From  (14.1%),  ae  illustrated 


©  = 

log-1 

(tog  ©  - 

©  ,  ©  , 

®  +  ©  log 

Jala  , 

©■  + 

Slog 

©) 

(A) 

rom 

(14.15c), 

©  = 

@10«l 

+  ®  log  ~ 

© 

+  ©  log  § 

© 

(B) 

rom 

(14.13c), 

p  = 

*-  qa 

■  1\.  +  ~P 

(& 

ca 

(Cl) 

rom 

(14.16a), 

Pq  0.1a  = 

TJ  |  Ca 

l  h  0.1a  +  —  . 

(30) 

^  c  0.1a 

(C2) 

rom 

(14.15), 

tUa 

=  t„  to .la 

(D) 
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From  (14.1Gb),  (14.16e),  and  (14.16/i), 


F  =  ®  (®  -  @@  -  |©@)  +  | 


From  (14.16j),  (14.16A;),  and  (14. 16/) , 

F 


P,  =  @  +  @©  +  g©(§) 

From  (14.16*),  Pq  0.i  =  Ph  o.i  +  o.i 

From  (14.16ra),  (14.16n),  and  (14.16o), 

tu  --  @@(Pq  -  Pq  o.i) 

From  (14.15),  t  =  to.i  +  tu 

By  definition  and  by  expansion  of  Eq.  (1),  TPTCF  (p.  13), 


t  =  (§)  +  (§)  log  y 


By  definitions: 

(Jpsa  T  2a  P  pa 

0 psa  0 pra  4“  T  2a  T 

0bsa  =  T  2  a  Tba 

0bsa  Qbra  4”  T  2a  T  la 
Qsa  =  T  2a  l  ga 


la 


(Al) 
(A2) 
(A3) 
(A4) 
(A  5) 


rp  rn 

Qp8  -*2  *p 

gPs  =  g Pr  4-  T 2  —  Ti 

gbs  =  t2  -  n 

gbs  =  gbr  4-  T2  —  Ti 

g .  =  T2-  T0 


gsa  =  0ra  4-  T2a  - 

Tu 

(A6) 

=  9r  - 

9  pra  T  la  T  pa 

(A7) 

9pr  =  Ti 

9pra  =  9psa  4”  T  la 

—  T  2a 

(A8) 

9pr  9p> 

9bra  ~  rJ  la  Tba 

(A9) 

9br  =  T 1 

9bra  =  9bsa  4“  1  la 

~  T  2a 

(A  10) 

gbr  =  gbs 

gra  =  T  la  1  oa 

(All) 

g  r  =  Tl 

9ra  ~  9*a  4“  T  la  ~ 

T  2a 

(A  12) 

9r  =  9s  - 

rii  rV 

=  i  i/i  1  na 

(A  13) 

g  =  Ti 

Note:  Replace  with  the  value  0.1  any  calculated  value  from  Eq.  (A) 
which  lies  between  zero  and  0.1. 


qa  = 


From  (14.16?/), 
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Yom  (14.16m),  (14.16v),  and  (14.16m;), 


iy  definition  and  by  expansion  of  Eq.  (1),  TPTCF  (p.  13), 

ta  =  (§)  +  (§)  l°g 


(93) 


instituting  in  Eq.  (1),  TPTCF  (p.  13),  and  expanding, 


Tga  =  Tla  -  ®  -  log"1  (  log  (§)  - 


(■ 


ta  ~  (96 


(AO 

(O) 

(P) 


PROBLEMS  ILLUSTRATING  CALCULATION  PROCEDURE 
Method  of  Using  Working  Equations 

Equations  (.4)  to  (P)  are  of  extreme  length  so  as  to  meet  the  require- 
lents  of  a  problem  involving  either  a  simple  process  for  a  heating  curve 
ith  two  breaks  or  a  divided  process  for  a  heating  curve  having  one 
reak.  For  conditions  which  are  less  complex  than  these,  the  long 
quations  are  abbreviated  in  ways  that  are  indicated  in  Tables  14.9  to 
4.17.  These  tables  supply  the  symbols  which  must  be  substituted  for 
le  encircled  numerals  in  Eqs.  A  to  P  in  solving  problems  of  all  the 
arious  types.  Eleven  examples  will  be  given  to  illustrate  the  solutions 
[  the  five  types  of  problems — two  of  type  1  (calculation  of  a  process 
>r  product  b  which  is  equivalent  to  a  given  process  for  product  a),  two 
f  type  2  (calculation  of  a  process  for  product  b  which  satisfies  a  given 
alue  of  F),  three  of  type  3  (calculation  of  the  percentage  of  the  amount 
f  lethal  heat  necessary  to  satisfy  a  given  value  of  F,  which  is  effective 
b  the  critical  point  in  product  a  up  to  a  given  time),  two  of  type  4 
calculation  of  time  required  to  reach  a  given  temperature  at  critical  point 
i  product  a),  and  two  of  type  5  (calculation  of  temperature  attained  at 
’itical  point  in  product  a  in  a  given  number  of  minutes  after  the  begin- 
ing  of  the  process). 

The  examples  given  for  each  type  do  not  include  all  variations  in 
editions  that  might  occur.  The  purpose  of  the  examples  is  to  illus- 
•ate  the  procedures  as  they  apply  to  typical  combinations  of  conditions 
i  solving  problems,  the  worker  must  follow  the  description  of  the 
rocedure  applying  to  the  type  of  problem  which  he  is  solving.  This  will 
revent  his  being  misled  into  a  channel  which  is  unsuitable  for  the 
articular  combination  of  conditions  in  his  problem.  The  procedure  for 
ich  type  of  problem  is  described  in  stepwise  form,  preceding  the  prob¬ 
es  which  demonstrate  the  procedure. 


Table  14.9.  Equation  (-4.) — Product 


If  ta  >  tba  and  Qbra  <  (T ia  —  Tia),  the  problem  cannot  be  solved. 

t  If  to  >  tba,  the  result  is  erroneous. 


Table  H.iO.  Equation  ( B ) — Product 
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*  The  equations  apply  only  when  ta  <  hta. 
t  If  <o  >  tba  and  ffbra  <  (T ta  —  Tia),  the  problem  cannot  be  solved. 
I  If  ta  >  tba,  the  result  is  erroneous. 


Table  14.11.  Equations  ( C )  and  ( E ) — Product 
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tba  and  gitra  <  (T la  —  Tio),  the  problem  cannot  be  solved. 
tba%  the  result  is  erroneous. 
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Table  14.12.  Equation  (4) — Product  b 


®  -  log-'  (log  ©  -  §  +  §  log  U) 


Line 

DO. 

Type 

process 

Heating  curve 

(A  4) 

(45) 

© 

® 

® 

® 

® 

© 

® 

© 

® 

© 

© 

1 

2 

3 

Simple 

2  breaks 

fo.  1  ^  tph 

to  a  ^  t ph  i  lo.i  ^  tp 
toA  <  tp 

a  n 

jl 

tp 

/l 

0 

ffe* 

Op 

(ip 

Op 

jl 

<0  1) 

t  ph 
tp 

h 

/. 

/■ 

0 

h 

Op 

4 

5 

1  break 

<0.1  >  tp 

1 0.1  t p 

0p 

(tip 

jl 

<0  1) 

tp 

/. 

0 

6 

Simple 

Divided* 

1  break 

7 

tp  ^  tb',  U. i.l  ^  tp 

gbr 

jl 

tb 

h 

0 

0p» 

gbr 

tp 

/■ 

1 

1 

Obr 

8 

tp  tb',  to.l  ^  tp\  t()A  ^  tb 

Obr 

jl 

h 

/. 

0 

9 

t 

tp  ^  tb |  /o.l  ^  tb 

(gbr 

<0  1) 

10 

tp  ^  tb’,  to  i  >  tb 

Opr 

jl 

tp 

U 

0 

gbr 

Opr 

tb 

h 

/. 

h 

Opr 

11 

t 

tp  ^  tb',  toA  ^  tb',  toA  >  tp 

gpr 

U 

tp 

/. 

0 

12 

t 

tp  ^  tb\  fo.l  ^  tp 

( Opr 

<0  1) 

Simple 

13 

<0.1  >  tb 

gbr 

jl 

tb 

/ 

0 

14 

t 

<0.1  <  tb 

(gbr 

<0  1) 

If  t  >  ft  and  gbr  <  (Ti  —  T<),  the  problem  cannot  be  solved. 
If  t  >  tb,  the  result  is  erroneous. 


It  is  recalled  here  that  three  extensive  tables  (14.3,  14.4,  and  14.8). 
owing  the  relationship  between  g  and  the  parameters  Ph,  Pc,  and  PQ, 
rm  the  backbone  of  the  calculation  procedure  which  is  presented  here, 
le  development  of  those  tables  has  been  described. 


Procedure  for  Problems  of  Type  1  * 

Calculation  for  a  process  for  product  b  which  is  equivalent  to  a  given 
ocess  for  product  a: 

1.  From  the  section  of  Tables  14.9  and  14.10  which  represents  the 
pe  of  process  and  the  type  of  heating  curve  involved  for  product  a, 
ake  a  list  ol  all  symbols  appearing  in  columns  ©,  g),  and  <g)  of  Tables 
9  and  14.10  except  <„  and  enter  all  values  of  such  symbols  which  are 

lclTed  r  r“nS’  alS0  the  values  0f  sucil  symbols  “  can  be 
Iculated  by  Eq.  (K),  using  information  from  the  specifications.  For 

. ...  ’  oraPlo>emo  type  1 ,  class  2-2  (divided  process  for  product  a 


Table  14.13.  Equation  ( B ) — Product 


0 
u 
M 
-  V' 


^  ,2 


V 


3 

T. 
V 
a  >- 


-=>  $ 
a  ^ 


A  A 
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T 2),  the  problem  cannot  be  solved. 


Table  14.14.  Equation  (F) — Product 


U  t  >  tb  and  gbr  <  (T\  —  Tt),  the  problem  cannot  be  solved, 
t  If  t  >  tb,  the  result  is  erroneous. 
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Table  14.15.  Equations  (G),  (H),  and  (J)— Product  b 

Pq  o.i  =  Ph  o.i  +  -j=r  Pc  o.i  (G);  tu  =  @@(Pq  -  P,,  o.i)  (H);  <  =  @ +(§)  log  ®  (■ 
_ _  9 


Line 

no. 

Type 

process 

Heating  curve 

(G) 

(H) 

(71) 

(72) 

(73) 

® 

® 

® 

® 

<§) 

® 

® 

® 

© 

® 

Simple 

2  breaks 

i 

/o.i  ^  tph 

/> 

Kx 

Hi 

tph 

/. 

Oph 

tp 

h 

Qp 

0 

/. 

jl 

2 

to  a  ^  t p} ij  /o.i  ^  tp 

h 

Kx 

Hi 

tp 

h 

Qp 

0 

fx 

n 

3 

toA  ^  tp 

/• 

Kx 

Hx 

0 

fx 

n 

1  break 

4 

<0.1  >  tp 

h 

Ki 

Hi 

tp 

h 

Qp 

0 

fx 

n 

5 

to .  1  ^  t  p 

/i 

Kx 

Hi 

0 

/i 

n 

6 

Simple 

/ 

Ki 

Hx 

0 

/ 

n 

Divided* 

1  break 

7 

tp  ^  tb)  /o.i  ^  tp 

h 

Ki 

Hn 

tp 

h 

9  P‘ 

tb 

fx 

Qba 

0 

fx 

jl 

8 

tp  ^  tb)  /o.i  ^  tp)  /o.i  ^  tb 

/. 

Ki 

Hx2 

tb 

fx 

Qb, 

0 

fx 

H 

9 

t 

tP  >  tb ;  <o.i  <  tb 

h 

Ki 

Hx 

0 

fx 

ji 

10 

tp  ^  tb)  /o.i  ^  tb 

h 

Ki 

Hn 

tb 

U 

9p> 

tp 

h 

Qpr 

0 

fx 

jl 

11 

t 

tp  tb)  /o.i  ^  tb)  /o.i  ^  tp 

h 

Kx 

Hi 

tp 

h 

Qpt 

0 

fx 

H 

12 

t 

tp  ^  tb)  to  l  ^  tp 

fx 

Kx 

Hx 

0 

fx 

jl 

Simple 

13 

<0.1  >  tb 

/ 

Ki 

Hn 

tb 

f 

Qb» 

0 

f 

U 

14 

t 

<0.1  <  tb 

/ 

Kx 

Hx 

0 

f 

ji 

•If  t  >  th  and  Qh,  <  (Tx  —  Ti).  the  problem  cannot  be  solved, 
f  If  <  >  tb,  the  result  is  erroneous. 


and  for  product  b),  one  break  for  product  a,  list  symbols  as  follows: 


Columns  ® 

Columns  @ 

Columns  ® 

Qbra 

tba 

Qbta 

Qpra 

tpa 

Qpra 

(Jpaa 

to. la 

2.  Where  a  divided  process,  combined  with  a  broken  heating  curve 
is  involved  for  product  a,  calculate  tentative  values  of  tba  and  tpa  bj 
Eq.  (B 1)  if  values  of  these  symbols  are  not  given  in  the  specifications. 

3.  Where  a  divided  process  and  a  broken  heating  curve  are  involvec 
for  product  a,  with  the  use  of  the  tentative  values  from  step  2,  narrow 
the  section  in  Tables  14.9  and  14.10,  which  presents  the  pattern  a 
Eqs.  (A)  and  ( B )  to  be  followed,  to  three  lines.  Choose  the  first 
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»0  «0  fN.  oo 
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*  if  ^ba  an<^  ®i,ro  (Tia  —  Tu),  the  problem  cannot  be  solved. 
T  If  la  >  tba,  the  result  is  erroneous. 
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Table  14.17.  Equation  ( 0 ) — Product  a 


*.  =  <§)  +  <g)  log  H  (0) 


Line 

no. 

Type 

process 

Heating  curve 

(01) 

(02) 

(03) 

® 

® 

® 

© 

® 

® 

® 

© 

® 

1 

Simple 

2  breaks 

i 

to.la  >  tpha 

t  pha 

fia 

Q  pha 

Oa 

tpa 

ha 

Qpa 

Oa 

0 

ha 

jala 

Q 

2 

to. la  ^  tpha",  to. la  tpa 

t  pa 

ha 

Opa 

0a 

0 

fla 

jal  a 

Oa 

3 

to. la  <  tpa 

0 

/la 

ja  /  a 

Oa 

1  break 

4 

fo.la  tpa 

t  pa 

/la 

Opa 

Oa 

0 

/la 

jala 

Oa 

5 

to. la  <  tpa 

0 

/la 

ja  la 

Oa 

6 

Simple 

0 

fa 

a 

Oa 

Divided* 

1  break 

7 

tpa  >  tba\  to. la  >  tpa 

tpa 

ha 

Qpaa 

Qsa 

tba 

fla 

Qbsa 

Qsa 

0 

ha 

jala 

0 

8 

tpa  >  tba !  to. la  <  tpa]  /o.lo  >  tba 

tba 

/la 

Qbsa 

Qsa 

0 

fla 

jala 

Qra 

9 

t 

tpa  ^  tba]  to. la  ^  tba 

0 

/la 

jala 

Qra 

10 

tpa  ^  tba]  2<).la  tba 
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ha 

Qbsa 
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tpa 

ha 
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jala 

s 

11 

t 

tpa  ^  tba]  to. la  ^  tba]  to. la  >  tpa 

t  pa 

ha 
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0 

fla 
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Qra 

12 

t 

tpa  ^  tba]  to. la  ^  t  pa 

0 

f  la 

jal  a 
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Simple 

13 

to. la  >  tba 

tba 

fa 

Qbsa 

Qsa 

0 

fa 

jal  a 
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14 

t 

to. la  tba 

0 

fa 

jala 

Qra 

*  If  ta  >  tba  and  gbra  <  (Tia  -  Tin),  the  problem  cannot  be  solved, 
t  If  to  >  tba,  the  result  is  erroneous. 


of  the  selected  section  in  Tables  14.9  and  14.10  tentatively  for  use  i 
the  next  step. 

4.  Using  Eq.  (K),  calculate  the  values  of  as  many  of  the  g  symbols  a 
possible  appearing  in  columns  ©,  and  @  in  the  line  of  Tables  14. 
and  14.10  tentatively  chosen  in  step  1  or  step  3.  Using  equations  indi 
cated  by  that  line,  calculate  the  values  of  such  symbols  as  cannot  b 
calculated  by  Eq.  (K)  or  are  not  given  in  the  specifications. 

5.  With  the  use  of  the  values  calculated  in  step  4,  make  the  nna 
choice  of  the  line  in  Tables  14.9  and  14.10  to  present  the  patterns  o 
Eqs.  (A)  and  (B).  Using  equations  indicated  in  that  line,  make 
final  calculations  of  the  values  of  the  symbols  appearing  in  the  line. 

Note:  At  this  point,  calculate  the  value  of  TXa  -  T^.  If  ta  >  an( 
ghra  <  T\a  —  Tia,  this  problem  cannot  be  solved. 

6.  With  the  use  of  the  values  of  symbols  calculated  in  step  5,  choosi 

the  line  in  Table  14.11  to  present  the  pattern  for  Eq.  (E).  0 ac 

the  value  of  F  by  Eq.  (E)  as  indicated  by  the  chosen  line. 
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7.  From  the  section  of  Tables  14.12  and  14.13  which  represents  the 
ype  of  process  and  the  type  of  heating  curve  involved  for  product  b, 
lake  a  list  of  all  symbols  appearing  in  columns  ®,  (§),  and  @>  of  Tables 
4.12  and  14.13  and  enter  all  values  of  such  symbols  as  are  given  in  the 
Decifications,  also  the  values  of  such  symbols  as  can  be  calculated  by 
q.  (L),  using  information  from  the  specifications. 

8.  Where  a  divided  process  and  a  broken  heating  curve  are  involved 
>r  product  b,  calculate  tentative  values  of  tb  and  tp  by  Eq.  (B5)  if  values 
f  these  symbols  are  not  given  in  the  specifications. 

9.  Where  a  divided  process  and  a  broken  heating  curve  are  involved 
>r  product  b,  with  the  use  of  the  tentative  values  from  step  8,  narrow 
le  section  in  Tables  14.12  and  14.13,  which  presents  the  patterns  of 
qs.  ( A )  and  ( B )  to  be  followed,  to  three  lines.  Choose  the  first  line 
•  the  selected  section  in  Tables  14.10  and  14.11  tentatively  for  use  in 
le  next  step. 

10.  Using  Eq.  (L),  calculate  the  values  of  as  many  of  the  g  symbols  as 
Dssible  appearing  in  columns  ®,  (§),  and  (§)  in  the  line  in  Tables  14.12 
id  14.13  tentatively  chosen  in  step  9.  Using  Eqs.  (A)  and  ( B )  indi- 
ited  by  that  line,  calculate  the  values  of  such  symbols  as  cannot  be 
ilculated  by  Eq.  (L)  or  are  not  given  in  the  specifications. 

11.  With  the  use  of  the  values  calculated  in  step  10,  make  the  final 
mice  of  the  line  in  Tables  14.12  and  14.13  to  present  the  patterns  of 
qs.  (A)  and  (B).  Using  equations  indicated  in  that  line,  make  the 
lal  calculations  of  the  values  of  the  symbols  appearing  in  the  line, 
he  same  line  in  Table  14.14  presents  the  pattern  for  Eq.  (F). 

12.  Calculate  the  value  of  Pq  by  Eq.  (FI),  using  the  equation  indi¬ 
ted  in  the  line  of  Table  14.14  selected  in  step  11. 

13.  Calculate  the  value  of  q  by  Eq.  (d/2)  and  take  the  value  of  Po0  , 
3m  Table  14.8. 

14.  If  Pq  o.i  is  less  than  the  value  of  P qy  calculate  the  value  of  t  by 
Is-  ( H )  and  (/).  Thus,  the  problem  is  solved. 

15.  If  PqoA  is  equal  to  or  greater  than  the  value  of  P q,  find  the  value 
g  by  Table  14.8,  using  P q. 


16a.  If  g  (from  Table  14.8)  is  less  than  the  value  obtained  in  step  7 
Eq  (A 5),  or  in  lieu  of  Eq.  (A 5),  if  Eq.  (A 5)  was  not  used,  calculate 
e  value  of  t  by  Eq.  (Al).  Thus,  the  problem  is  solved. 
b  If  9  (from  Table  14.8)  is  greater  than  or  equal  to  the  value  obtained 
step  7  by  Eq.  (45),  or  in  lieu  of  Eq.  (45),  calculate  the  value  of  P„  by 
1-  (/3),  then  again  find  the  value  ol  g  from  Table  14  8 
C.  If  g  (from  Table  14.8)  is  less  than  the  value  obtained  in  step  7  by 

L-ned  k°Un  hfUf  Eq:  (d4)’  and  groater  than  or  equal  to  the  value 

d  CU  1  ’  °ru,n  lieu  0f  Eq-  U5)’  emulate  the  value  of  l  by 
l*  thus,  the  problem  is  solved. 
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d.  If  g  (from  Table  14.8)  is  greater  than  or  equal  to  the  value  obtained 
in  step  7  by  Eq.  (-44),  or  in  lieu  of  Eq.  (-44),  calculate  the  value  of  Pq  by 
Eq.  (F3),  then  again  find  the  value  of  g  from  Table  14.8  and  calculate 
the  value  of  t  by  Eq.  (J 3).  Thus,  the  problem  is  solved. 


Problems— Type  1 

Calculation  of  a  process  having  an  F  value  which  is  a  specified  percentage  o! 
that  of  a  given  process: 

Cl  ass  1-1.  Simple  process  related  to  a  given  simple  process. 

a.  The  given  process  (for  product  a)  is  a  simple  process,  and  there  is  one  break 
in  the  heating  curve  (slope  changes  from/la  to/2a). 

b.  The  process  being  calculated  (for  product  b )  is  a  simple  process,  and  there 
are  two  breaks  in  the  heating  curve  (slope  changes  from  fx  to/2  to/3). 

c.  Lethal  values  of  the  cooling  periods  are  included. 

Specifications 

Product  a: 


la.  Slope  of  thermal  death  time  curve . 

2 a.  fia  =  6 ;/2„  =  22.7;  ca  =  22.7;  gpa  =  5.4° 

3a.  Retort  temperature . 

4a.  Initial  temperature . 

5a.  Cooling  water  temperature . 

6a.  j a  =  1.12;  /„  =  240  -  160  =  80°;  j„/a  =  89.6; 

7a.  Process  necessary  for  sterilization  of  product  a. .  .  . 


.  z„  =  18° 

.  Tia  =  240° 

.  T  0a  =  160° 

.  Tea  =  70° 

240  -  70  =  170° 

.  ta  =  65  min  at  240‘ 


Product  b: 


lb.  Slope  of  thermal  death  time  curve . 

2b.  fi  =  42;  ft  =  64; /3  =  42;  c  =  64;  gp  =  14°;  gph  =  8.5° 

36.  Retort  temperature . 

46.  Initial  temperature . 

56.  Cooling  water  temperature . 

66.  j  =  1.35;  I  =  245°  -  150°  =  95°;  jl  =  128.25;  =  245° 


.  z  =  18° 

.  T\  =  245° 

.  T0  =  150° 

.  Tc  =  70° 

-  70°  =  175° 


Find  process  t  for  the  critical  point  in  product  6,  equivalent  to  the  process 
of  product  a. 


Note:  In  a  problem  of  type  1,  pa  and  p  may  have  any  given  values,  depending  upon 
the  relationship  which  the  calculated  process  is  to  have  to  the  given  process  in  respect 
to  lethal  value.  In  the  present  problem,  we  arbitrarily  say  p  =  pa  =  100. 


Solution 

1 .  The  problem  involves  a  simple  process  with  one  break  in  heating  curve  for 
product  a.  Therefore,  the  patterns  of  Eqs.  (A)  and  (B)  are  presented  m  e 
section  of  Tables  14.9  and  14.10  comprised  of  lines  4  and  5.  (Steps  2  and  3  o 
the  solution  procedure  are  not  required  in  this  problem.) 


Columns  ® : 

Qpa  "=  0.4 

/,  65 

ga  =  log-1  (^log  5.4  - 


+ 


22.7 


Specifications — in  lieu  of  Eq. 

l°gt|!  +  0)  -  0.016 


(42),  line  4 


step  4 


Eq.  (43),  line  4— see 
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olumns 


5.4 

=  6  log  ^  +  22.7  log  ||  -  46.59 


6  log  =  7.32 


Eq.  (B 1),  line  4 — see  step  4 
Eq.  (B2),  line  4 — see  step  4 


olumns 
=  5.4 


Specifications — see  columns  (T) 


2,3.  No  divided  process  is  involved  for  product  a. 

4.  Using  the  equations  indicated  by  line  4  of  Tables  14.9  and  14.10,  calculate 
dues  of  symbols  from  columns  ®,  (§),  and  <g>  of  Tables  14.9  and  14.10.  Values 

ga,  tpa,  and  t0.  i„  are  calculated  in  step  1. 

5.  Since  t0.la  >  tva  in  step  4,  the  patterns  of  Eqs.  (yl)  and  ( B )  are  given  in 
he  4  of  Tables  14.9  and  14.10.  Values  of  symbols  in  step  1  were  calculated  in 
cordance  with  line  4;  therefore,  they  do  not  have  to  be  recalculated. 


Note:  Tla  -  T,a  =  0. 


6.  Since  ta  is  greater  than  to.  iu,  line  7  in  Table  14.11  presents  the  pattern  for 

h-  (E). 


F  =  H2a(I\  o.i«  —  0  —  1  X  MaPva)  + 


tl’a 


definition, 


H2a  = 


haZa 


-  la 


(E) 


V 


Entering  Table  12.3,  for  2„  =  18  and  Tla  =  240  in  scale  B ,  find  Zla  =  12.92. 

2.7  X  12.92 


H2a  = 


om  Eq.  (Ml), 


100 

22.7 


=  2.93 


22.7  ' 


Fr°“  ™  l4'8'  f0r  *  -  «•  “  IS.  *  -  1,  and  *.  -  ,70,  find 

'0.1a  —  O.o4  / . 

6 


V  definition, 


Ma  =  1 


22 


■=■  =  0.736 


From  Table  14.3,  for  g ^  =  5.4  and  za  =  18,  find  Pva  =  0.362. 
v  Eq-  (7J1)>  tva  =  65  -  46.59  =  18.41 


y  definition,  Kla  =  =  lo  250  -  240 

100  K  18 - d.594 


F  -  2.93(3.847  -  0  -  0.736  X  0.362)  +  1M*  =  15  61 


3.594 


(E) 


7.  The  problem  involves  a  simple  process  with  two  breaks  in  thp  u  *• 

u  rems  of  x (A)  »d 

the  somtion  procedure  a,;  not  3'  ^  8  » 
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Columns  (T): 
gP  =  14 


g ph  —  8.5 
Columns 


tp  =  42  log 
tPh  =  42  log 
to. i  =  42  log 


128.25 

14 

128.25 

14 

128.25 


14 


Columns  (§): 


Specifications — in  lieu  of  Eq. 
Specifications — in  lieu  of  Eq. 


=  40.40  Eq. 

+  64  log  ii  =  54.27  Eq. 

+  64  log  +  42  log  ^  =  135.50  Eq. 


(•44),  line 
(45),  line 

(-S5),  line 
(B6),  line 
( B7 ),  line 


gP  —  14  Specifications — see  columns  (\ 

8,9.  No  divided  process  is  involved  for  product  b. 

10.  Using  the  equations  indicated  by  line  1  of  Tables  14.12  and  14.13,  value 
of  tp)  tphy  and  £0.i  are  calculated  in  step  7. 

11.  Since  /0.i  >  tph  in  step  10,  the  patterns  of  Eqs.  (4)  and  ( B )  are  given  ii 
line  1  of  Tables  14.12  and  14.13.  Values  of  symbols  in  step  7  were  calculatet 
in  accordance  with  line  1 ;  therefore,  they  do  not  have  to  be  recalculated. 

12.  Eq.  ( F )  is  in  accordance  with  line  1,  Table  14.14  (see  step  11). 


By  definition, 


Pq  =  £  +  1  X  NPvh  +  %MPV 

n  3  J  3 

V 


(FI) 


Entering  Table  12.3  for  z  =  18  and  T  =  245  in  scale  B,  find  Z  =  24.48. 

II 3  =  42  X  24-48  =  10  28 
3  100 

By  definition,  N  =  1  —  ^  =  1  —  1.524  =  —0.524 

From  Table  14.3,  for  gph  =  8.5  and  z  =  18,  find  Pvh  =  0.203. 

By  definition,  M  —  1—^=1—  0.656  =  0.344 

From  Table  14.3,  for  gp  =  14  and  z  =  18,  find  Pv  =  0.075. 

=  +  (-0.524)  X  0.203  +  ^  X  0.344  X  0.075  =  1.45 

9  10.28  42 

13.  From  Eq.  (M2),  g  =  =  1.524 

From  Table  14.8,  for  g  =  0.1,  z  =  18,  q  =  1.524,  and  =  175,  find 

Pq  0.1  =  3.98. 

14.  Pq  o.l  >  B q 
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15.  Since  Pq  o.i  is  greater  than  Pq,  enter  Table  14.8,  and  for  Pv  =  1.45,  z  =  18, 
=  1.524,  and  \fi  =  175,  find  g  =  1.53. 

16.  Since  g  (step  14)  is  less  than  the  value  ( gph )  obtained  in  lieu  of  Eq.  (^46), 

t  =  54.27  +  42  log  ~  =  85.6  min  (.71) 

1 .53 


Class  2-2.  Divided  process  related  to  a  given  divided  process. 

Calculation  of  a  divided  process  having  an  F  value  which  is  95  per  cent  of 
at  of  a  given  divided  process: 

a.  The  given  process  (for  product  a)  is  a  divided  process,  and  there  is  one 
eak  in  the  heating  curve  (slope  changes  from/i0  to/2a). 

b.  The  process  being  calculated  (for  product  b )  is  a  divided  process,  and  there 
one  break  in  the  heating  curve  (slope  changes  from/i  to/2). 

c.  Lethal  values  of  the  cooling  periods  are  included. 


sduct  a: 


Specifications 


Slope  of  thermal  death  time  curve .  za  =  18° 

fia  =  6 ;/2a  =  22.7;  ca  =  30;  t„a  =  15.4 

First  retort  temperature .  y  =  255° 

Second  retort  temperature .  7'2a  _  245° 

Temperature  at  critical  point  at  time  of  change  in  retort  tcmper- 

fture .  Tba  =  236.5° 

Initial  temperature .  y  _  j^qo 

Cooling  water  temperature .  y  =70° 

ja  =  1.12;  I a  =  255  -  140  =  115 °;jaIa  =  128.8;'  *2a ’=  245 70  =  175° 

Process  necessary  for  sterilization  of  product  a .  ta  =  36  min 

>duct  6: 


Slope  of  thermal  death  time  curve . 

/1  =  42;  ft  =  64;  c  =  75;  gpr  =  10° 

First  retort  temperature . 

Second  retort  temperature . 

Time  of  change  in  retort  temperature 

Initial  temperature . 

Cooling  water  temperature . 

j  =  1.35;  I  =  240  -  180  =  60°;  jl  =  81.0;  =  248  -  70  =  178° 


^  =  19° 

7\  =  240° 
T 2  =  248° 
ti,  =  30  min 
To  =  180° 
Tc  =  70° 


md  procesJ  1  necessary  to  give  product  b,  at  its  critical  point,  95  per  cent  of 

of ' value’ which  ° 


ution 


'  process  involves  a  divided  nroee<?<!  u-ifT,  1  ,  .  , 

rtuct  C  Therefore,  the  patterns'of  C  ^  A)  and' 

Tables  14.9  and  14.10  comprised  *  Unes  7  to  S.  “  the 
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(K9) — see  step  <■ 

gPsa  =  log-1  (log  18.5  —  ■  +  log  =  0.34  (A2),  line  7 — see  step  « 

Qvra  =  0.34  +  255  —  245  =  10.34  ( KS ) — see  step  < 

7  l0S  (M)  -  0  0345 


,„  =  log- (.0,0.34 -^  +  ^,„g!^+  5 


18.5  22. 


Qra  =  0.0345  +  255  -  245  =  10.0345 
Columns 


Eq.  (A3),  line  7 — see  step  • 
(A’ 12) — see  step  * 


tba  =  6  log  =  5.06 


18.5 


Eq.  (Bl),  line  7 — see  step  ! 


tpa  =  15.4 


Specifications — in  lieu  of  Eq.  (B2),  line  7  or  of  Eq.  (Bl),  line  11 


,  „  ,  128.8  ...  8.5  .  QO  _  .  0.34  0.  _0 

to.ia  =  6  log  -Jg-g  +  6  log  ^  +  22.7  log  —  =  25.52 


Columns  ®: 

gb,a  =  18.5  +  245  -  255  =  8.5 
gpra  =  0.34  +  255  -  245  =  10.34 


Eq.  (B3),  line  7 — see  step 


(A6) — see  step  < 
Eq.  (A8) — see  columns  Q. 


2.  tba  =  6  log  S?  =  5.06 


18.5 


Eq.  (Bl),  line  ’ 


3.  Since  t ^  >  tba,  the  patterns  of  Eqs.  (A)  and  (B)  are  presented  within  lines 
to  9  of  Tables  14.9  and  14.10. 

4.  With  the  use  of  Eq.  (A)  and  of  the  Eqs.  (4)  and  (B),  indicated  by  line  i 
of  Tables  14.9  and  14.10,  calculate  values  of  symbols  from  columns  ®,  <§),  and  > 
of  Tables  14.9  and  14.10.  Values  of  gp ra,  gP,a,  g*a,  g tba,  t0.u,  and  gw  are  al 
calculated  in  step  1. 

5.  Since  <0.i«  >  ^  in  step  4,  the  patterns  of  Eqs.  (A)  and  (B)  are  given  n 
line  7  of  Tables  14.9  and  14.10.  Values  of  symbols  in  step  1  were  calculatec 
in  accordance  with  line  7;  therefore  they  do  not  have  to  be  recalculated. 

Note:  I\a  —  T<ia  =  10.  gbra  >  10.  See  step  1.  Therefore,  problem  is  solvable. 

6.  Since  ta  is  greater  than  t0.u,  line  13  in  Table  14.11  presents  the  patten 
for  Eq.  ( E ). 

iua  (#1) 


F  =  tf22«  (P„  0.1a  -  1  X  MaPvla  ~  ^  X  1  X  Ra)  + 


2a 


H  ->0,1  — 


_  jftoZsa 
Pa 


By  definition, 

Entering  Table  12.3,  for  *.  =  18  and  T»  -  245  in  scale  B.  find  Z*  -  24.48. 

II  22a 


_  22JJ<24AS  =  5  56 
100 
30 

9a  = 


22.7 


=  1.322 


From  Eq.  (Ml), 
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From  Table  14.8,  for  g„  =  0.1,  za  =  18,  qa  =  1.32,  and  \f/2a  =  175, 
jq  O.la  =  3.93. 

6 


hnd 


Ma  =  1  - 


=  0.736 


ly  definition,  ...  „  .  99 

From  Table  14.3,  for  0psa  =  0.34  and  z„  =  18,  find  =  2.307. 
!y  definition, 
y  definition,  <jla 


f?  —  p  _  V  I) 

*  u  2a  ^  1  a*  u  1  a 

V  _  |  rwr —  1  ^ la  T 2a  y  10  0  < 

^la  =  log  - - -  =  log  1  —  =  3.594 

I  s 


Za 


From  Table  14.3,  for  gb,a  =  8.5  and  za  =  18,  find  Pu2a  =  0.203,  and  for 
ra  =  18.5  and  za  =  18,  find  Pula  =  0.0267. 


Ra  =  0.203  -  (0.0267  X  3.594)  =  0.107 
tua  =  36  -  25.52  =  10.48 
paFi2a 


y  Eq.  (D), 
y  definition, 

From  above  determinations, 

F  =  5M  (3-93  ~  0-736  X  2.307  -~X  0.107)  +  AM8  =  17  76 
v  22.7  /  1.896 


(.  The  problem  involves  a  divided  process  with  one  break  in  the  heating 
for  product  /,  Therefore,  the  patterns  of  Eqs.  (.4)  and  (B)  are  presented 
the  section  of  Tables  14.12  and  14.13  comprised  of  lines  7  to  12 


>lumns  ©: 


I  frl  S*  8_‘  +  °>  -  >«■«  .  Ed.  (.44),  line  7-see  step  10 

=  10  „  ln  lleu  of  Eq.  (.45),  line  7 — see  step  10 

Specifications  in  lieu  of  Eq.  (LX)  or  of  Eq.  (44),  line  1ft 


lumns  (a 
=  30 


81 


42  '°g  15.64  +  42  loS  lg 


Specifications-in  lieu  of  Eq.  (B5),  line  7-see  step  9 
23.64  1 

+  0  =  34.97  Eq.  (Bn),  line  7-see  step  10 


=  42  log  -|L  +  42  loo-  23'64  _i_  r.  i  18 

K  15.64  ^  l0S  i8  +  64  log  q-j  =  179.31 


umns  © 


Eq.  (B7),  line  7 — see  step  10 


-  15.64  +  248  —  240  =  23  64 
=  10 

•  tp  =  42  log  o  +  0  +  0  =  38.16 


Eq.  (Z/4) — see  step  10 
Specifications — see  columns  (T) 

o-  ,  Eq.  (55),  line  10 

•  wince  tp  >  tb,  the  patterns  of  Eos  Mi  onri  fm 

1  of  Tables  14.12  and  14.13.  "  O  are  presented  within  lines  7 

>les  14.12  and  14.13,  V“di^t^by  ^  ?  °f 

'  Dols  trom  columns  ®,  ®,  and  ® 
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of  Tables  14.12  and  14.13.  Values  of  gbr,  gP>,  tp,  t0.  i,  and  gbs  are  calculated  ii 
step  7. 

11.  Since  f0.i  >  tp  in  step  10,  the  patterns  of  Eqs.  (A)  and  (B)  are  given  ir 
line  7  of  Tables  14.12  and  14.13.  Values  of  symbols  in  step  7  were  calculate! 
in  accordance  with  line  7 ;  therefore  they  do  not  have  to  be  recalculated. 

12.  Eq.  ( F )  is  in  accordance  with  line  7,  Table  14.14  (see  step  11). 


Pq  =  77 —  T  MPV  o  4  t  Xl  X  R 

tl  22  J  2 


(FI) 


By  definition, 


H  22  = 


M? 

v 


Entering  Table  12.3,  for  z  =  19  and  1\  =  248  in  scale  B,  find  Zi  —  29.70 

64  X  29.76 


II 22  = 


95 


=  20.05 


By  definition,  M  =  1  —  4?6  4  —  9-34 

From  Table  14.3,  for  gp,  =  18  and  2  =  19,  find  Pvi  =  0.043. 


By  definition, 
By  definition, 


Si  =  log-1 


R  =  Pu2 
Tx  -  T« 
z 


-  2,/Jul 

-  log-'  f98  -  0.379 


From  Table  14.3,  for  gbs  =  23.64  and  z  =  19,  find  Pu2  =  0.0064,  and  f( 
gbr  =  15.64  and  z  =  19,  find  I\ i  =  0.075. 

R  =  0.0064  -  0.379  X  0.075  =  -0.022 

1776  q.043  +  f,  X  (-0.022)  =  0.914  (FI) 

r*  20.05  b4 


13.  From  Eq.  (M2),  q  =  7%4  =  E'72.  , 

From  Table  14.8,  for  g  =  0.1,  2  =  19,  7  =  1.17,  and  *2  =  178, 


Pq  o.i  =  4.79. 


14.  Pq  o.i  is  greater  than  Pq. 

15.  From  Table  14.8,  for  P,  =  0.914,  *  -  19,  ,  -  1.172,  and  h  -  1.8,  S' 

9  Is*  Since  g  (step  15)  is  less  than  the  value  (gr,  -  IS)  obtained  in  lieu  • 
Eq.  (A5), 

1  o 


t  =  35.0  +  64  log  o-qT  =  77,44  min 


G/i) 


Procedure  for  Problems  of  Type  2 

Calculation  of  a  process  for  product  b  which  satisfies  a  given  vali 

1.  From  the  section  of  Tables  14.12  and  14.13  vlnch 
type  of  process  and  the  type  oi  heating  cui  \<  d  ^  0f  Tabh 

make  a  list  of  all  symbols  appearing  in  columns  ©  ’  a  ®  in 
14.12  and  14.13  and  enter  all  values  of  such  symbols  as  a  g 
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aerifications;  also  the  values  of  such  symbols  as  can  be  calculated  by 
!q.  (L)  using  information  from  the  specifications. 

2.  Where  a  divided  process  and  a  broken  heating  curve  are  involved 
>r  product  b,  calculate  tentative  values  of  tb  and  tp  by  Eq.  ( B5 )  if  values 
i  these  symbols  are  not  given  in  the  specifications. 

3.  Where  a  divided  process  and  a  broken  heating  curve  are  involved 
ir  product  b,  with  the  use  of  the  tentative  values  from  step  2,  narrow 
le  section  in  Tables  14.12  and  14.13  which  presents  the  patterns  of 
qs.  (ri)  and  ( B )  to  be  followed  to  three  lines.  Choose  the  first  line  of 
ie  selected  section  in  Tables  14.12  and  14.13  tentatively  for  use  in  the 
;xt  step. 


4.  Using  Eq.  (L),  calculate  the  values  of  as  many  of  the  g  symbols  as 
)ssible  appearing  in  columns  ©,  (§),  and  (g)  in  the  line  in  Tables  14.12 
Ld  14.13  tentatively  chosen  in  step  3.  Using  Eqs.  (A)  and  ( B )  indi¬ 
ted  by  that  line,  calculate  the  values  of  such  symbols  as  cannot  be 
lculated  by  Eq.  (L)  or  are  not  given  in  the  specifications. 

5.  With  the  use  of  the  values  calculated  in  step  4,  make  the  final  choice 
the  line  in  fables  14.12  and  14.13  to  present  the  patterns  of  Eqs.  ( A ) 
d  ( B ).  Using  equations  indicated  in  that  line,  make  the  final  calcu- 
ions  of  the  values  of  the  symbols  appearing  in  the  line.  The  same 
e  in  Table  14.14  presents  the  pattern  for  Eq.  (F). 

6.  Calculate  the  value  of  Pq  by  Eq.  (F) ,  using  the  equation  indicated 
the  line  of  fable  14.14  selected  in  step  5. 

7.  Calculate  the  value  of  q  by  Eq.  (71/2)  and  take  the  value  of  Pa  0 . 

im  Table  14.8.  9 


3-  If  Pq  o.i  is  less  than  Pq ,  calculate  the  value  of  /  by  Eqs.  (//)  and  (I ) 
us  the  problem  is  solved. 

I*,  "'T’0'1  is  e^,al  to  or  S™ter  than  P„  find  the  value  of  q  from 
ole  14.8,  using  P q. 

!0a  If  g  (from  Table  14.8)  is  less  than  the  value  obtained  in  step  5  by 

u  o  ’  b°;  EoT/1  \(A't  “  EC©5>  ca>cu,ate5thl 

ut  oi  I  oy  Jlq.  (.71).  thus  the  problem  is  solved. 

p  f  f,<f70m.Ta!’.le  14;8)  is  greater  than  °t  equal  to  the  value  obtained 

n  fl  '  ’  fi’  °!  !n  leu  °f  Er|'  calculate  the  value  of  I\  by  Eq.  <F2j 
n  again  find  the  value  of  g  from  Table  14.8.  ’ 

'  Tabic  14.8)  is  less  than  the  value  obtained  in  step  5  bv 

ained  by  Fo  ^  gleater  than  or  eflual  t(»  the  value 

jo)  yT^q‘  (i5)’ ,m  heu  of  Eq-  (A5),  calculate  the  value  of  /  bv 
(72).  Thus  the  problem  is  solved  ' 

Itep  8  bvTo^il  W:8)  iS  gTC1' tha”  0r  equal  t0  ‘he  value  obtained 

fF'il  thn  •  I"  1011  01  :<l'  calculate  the  value  of  P  bv 
(  •  ),  then  again  find  the  value  of  q  from  Table  14  8  i  ,  !  * 

value  of  (  by  Eq.  (J3).  Thus  the  problem  is  solved  C!“CUlate 
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Problems — Type  2 

Calculation  of  a  process  for  product  b  which  satisfies  a  given  value  of  F- 
Cl  ass  1.  Simple  process. 

a.  The  heating  curve  is  a  simple  curve. 

b.  Lethal  value  of  cooling  period  is  included. 


Specifications 

1.  Slope  of  thermal  death  time  curve . 

2.  Slope  of  heating  curve . 

3.  Slope  of  cooling  curve . 

4.  Retort  temperature . 

5.  Initial  temperature.  .  . . 

6.  Cooling  water  temperature . 

7.  j  =  1.35;  I  =  245  -  150  =  95°;  jl  =  128.25;  -Ai  =  245  -  70  =  175° 

8.  F  =  6 

Find  process  t  necessary  to  sterilize  product  b  (p  =  100). 


z  =  20 
f  =  42 
c  =  G4 
T,  =  24 1 
To  =  ISC 
Tc  =  70° 


Sol  ution 

1.  The  process  involves  a  simple  process  and  a  simple  heating  curve  fc 
product  b;  therefore,  the  patterns  of  Eqs.  (.4)  and  ( B )  are  presented  in  line  6  ( 
Tables  14.12  and  14.13. 


Columns  ©: 


Zo.i  =  42  log 


128.25 

0.1 


130.54 


Eq.  (B 5),  line  6 — see  step 


2,3,4.  No  divided  process  is  involved. 

5.  Using  Eq.  ( B )  indicated  by  line  6  of  Table  14.13,  calculate  the  value  of  io. 
This  was  calculated  in  step  1 . 

6.  Eq.  (F)  is  in  accordance  with  line  fi,  Table  14.14  (see  step  5). 


By  definition, 


(FI) 


Entering  Table  12.3  for  z  =  20  and  7\  =  245  in  scale  B,  find  Z, 


H 

Pa 


42  X  17.78 


100 


=  7.47 


6 


7.47 


=  0.803 


17.78. 


(FI) 


,  0.1 


=  5.91 


7  By  Eq.  (M2),  q  =  ~  1-524.  ,  ,p 

From  Table  14.8,  for  g  =  0.1,  *  =  20,  q  =  1.52,  and  h  -  1 75,  find  /  ,  ^  =  % 

8,9.  Pq  o.i  is  greater  than Pq,  therefore  from  Table  14.8,  for  /  ,  -  - 

q  =  1.52,  and  \p\  =  175,  find  g  =  6-52. 
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10.  Neither  Eq.  (.45)  nor  Eq.  (44)  was  used;  therefore 


t  =  0  +  42  log 


128.25 

6.25 


=  54.34  min 


(41) 


Class  2.  Divided  process. 

a.  There  is  one  break  in  the  heating  curve. 

b.  Lethal  value  of  the  cooling  period  is  included. 

Specifications 


.  Slope  of  the  thermal  death  time  curve .  z  =  19° 

.  /i  =  42;  f-2  =  64;  c  -  75;  (jpr  =  10 

.  First  retort  temperature .  T\  =  240° 

.  Second  retort  temperature .  T 2  =  248° 

,  Time  of  change  in  retort  temperature .  4  =40 

,  Initial  temperature .  y0  =  180° 

Cooling  water  temperature .  yc  = 


j  =  1.35;  I  =  240  -  180  =  160°;  jl  =  81.0;  =  248  -  70  =  178° 

F  =  17.5 


Find  process  t,  necessary  to  give  product  b,  at  its  critical  point,  107  per  cent 
the  amount  of  lethal  heat  which  is  represented  by  the  specified  F  value 
>  =  107). 

1.  The  process  involves  a  divided  process  with  one  break  in  the  heating  curve 
1  pioduct  b,  therefore  the  patterns  of  Eqs.  (4)  and  ( B )  are  presented  within 
ie  section  of  Tables  14.12  and  14.13  comprised  of  lines  7  to  12. 

olumns  ®: 


•  =  log  1  (log  10  -  -f-  4^4  iog  s yxo)  =  9  354 


r  =  10 

,  =  10  +  248  -  240  =  18 
dumns  @: 


Eq.  (45),  line  10  — see  step  4 
Specifications — in  lieu  of  Eq.  (44),  line  10 
Eq.  (L2) — not  in  line  10 — see  step  4 


_  °  ,  81/  QO  ,  .  Specifications  in  lieu  of  Eq.  (£5),  line  7— see  step  3 

-  log  ho  =  38.16  Eq.  (B6),  line  10-see  step  2 

1  42  log  10  +  64  loff  9^5  +  64  log  =  183.27 

>lumns  Eq‘  line  10~ see  step  4 


-  9.35  +  248  -  240  =  1 7  35 
=  10 

2.  tp  =  42  log  s ylQ  =  38 jg 


Eq.  (L4) — not  in  line  10 — see  step  4 
Specifications — see  columns  ® 

(£5) 


-l^.VoVSb^^cfnlr  °f  EqS'  W  and  <B)  are  “ 

;looft  Er  (w(and  (?  in“  ^  ><> 

-  1  J,r’  9””  tp’  * °-o  anfl  9bs  are  calculated  in 


P  1. 
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5.  Since  to.  1  >  tb  in  step  4,  the  patterns  of  Eqs.  (A)  and  ( B )  are  given  in  line  1( 
of  Tables  14.12  and  14.13.  Values  of  symbols  in  step  1  were  calculated  ir 
accordance  with  line  10;  therefore  they  do  not  have  to  be  recalculated. 

6.  Eq.  (E)  is  in  accordance  with  line  10,  Table  14.14  (see  step  5). 

pq  =  ^  +  MPu2  +1  x  SiQ  (El) 

Bv  definition,  //2 2  —  2 

V 


Entering  Table  12.3  for  z  =  19  and  T 2  =  248  in  scale  B,  find  Z2  =  29.76. 

„  64  X  29.76  __ 

7/22  —  —  17.80 

By  definition,  M  =  1  —  4  =  0.34 

From  Table  14.3,  for  gb,  =  17.35,  2  =  19,  find  P u2  =  0.051. 

By  definition,  =  log-1  1  g  — 2  =  log-1  (—0.421)  =  0.379 


By  definition, 


Q  =  Pv2  -  r  Pv  1 

j  2 


From  Table  14.3,  for  £ps  =  18,  2  =  19,  find  P„2  =  0.043  and  for  gpr  =  1C 
2  =  19,  find  P„i  =  0.213. 

Q  =  0.043  -  0.656  X  0.213  =  -0.097 

Pq  =  +  0.34  X  0.051  +  0.379  X  (-0.097)  =  0.963  (El) 


7.  From  Eq.  (M2),  q  =  7 * * 10%4  —  1-172. 

From  Table  14.8,  for  g  =  0.1,0  =  19,  q  =  1.17,  and  ^2  =  178,  find  E,  0.1  =  4.7« 
8,9.  Eqo.i  is  greater  than  Pg;  therefore,  from  Table  14.8,  for  P,  =  0.96.: 

2  =  19,  q  =  1.17,  and  1A2  =  178,  find  <7  =  3.68.  ^  ; 

10.  Since  g  (step  9)  is  less  than  the  value  gbr  ( =  9.35)  obtained  from  Eq.  [Abl 


17.35 

t  =  40  +  64  log  g  gg 


=  83.10  min 


(J  1) 


Procedure  for  Problems  of  Type  3 

Calculation  of  the  percentage  of  the  amount  of  lethal  heat  necessar 
to  satisfy  a  given  value  of  F,  which  is  effective  at  the  critical  point 

1*7l,Fr‘om' Thc^ecdkT  enables  14.9  and  14.10  which  represents jh 
type  of  process  and  the  type  of  heating  curve  involved  f "P* 
make  a  list  of  all  symbols  appearing  in  columns  ®,  ®,  and  O  7 
14.9  and  14.10  and  enter  all  values  oi  such  symbols  as  are  given 
specifications;  also  the  values  of  such  symbols  as  can  be  calcula  . 
Eq.  (K),  using  information  from  the  specifications. 
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2.  Where  a  divided  process  and  a  broken  heating  curve  are  involved 
or  product  b,  calculate  tentative  values  of  tba  and  tpa  by  Eq.  ( B5 )  if  values 
)f  these  symbols  are  not  given  in  the  specifications. 

3.  Where  a  divided  process  and  a  broken  heating  curve  are  involved 
or  product  a,  with  the  use  of  the  tentative  values  from  step  2,  narrow 
he  section  in  Tables  14.9  and  14.10  which  presents  the  patterns  of 
Eqs.  (.4)  and  ( B )  to  be  followed,  to  three  lines.  Choose  the  first  line 
4  the  selected  section  in  Tables  14.9  and  14.10  tentatively  for  use  in 
he  next  step. 


4.  Using  Eq.  (/v),  calculate  the  values  of  as  many  of  the  g  symbols  as 
ossible  appearing  in  columns  0,  0,  and  @  in  the  line  in  Tables  14.9 
nd  14.10  tentatively  chosen  in  step  3.  Using  Eqs.  (A)  and  ( B )  indi- 
ated  by  that  line,  calculate  the  values  of  such  symbols  as  cannot  be 


alculated  by  Eq.  (K)  or  are  not  given  in  the  specifications. 

5.  With  the  use  of  the  values  calculated  in  step  4,  make  the  final  choice 
f  the  line  in  Tables  14.9  and  14.10  to  present  the  patterns  of  Eqs.  (A) 
nd  ( B ).  Using  equations  indicated  in  that  line,  make  the  final  calcu- 
tions  of  the  values  of  the  symbols  appearing  in  the  line. 

6.  It  ta  <  to  ia,  calculate  the  value  of  ga,  of  gra,  and  of  gsa  by  Eq.  (K). 

7.  From  the  values  calculated  in  step  5,  choose  the  line  in  Table  14.16 
hich  presents  the  patterns  of  Eqs.  (M)  and  (N). 

8.  If  the  lethal  value  of  a  cooling  period,  starting  at  time  ta  min,  is 
cu  ed  with  the  lethal  value  of  the  heating  period  up  to  time  ta  min 
Aculate  the  value  of  qa  by  Eq.  ( M ). 

9,If  the  ^atlng  portlon  only  of  the  process  is  considered,  calculate 
o  y  q.  (  1),  if  the  lethal  value  of  a  cooling  period,  starting  at  time 
nun,  is  included  with  the  lethal  value  of  the  heating  period  up  to 
ne  ta  mm,  calculate  pa  by  Eq.  (N2).  Thus  the  problem  is  solved 


Problems — Type  3 


Calculation  ol  the  percentage  of  the  amount  of  lethal  he 

pven  value  of  F,  which  is  effective  at  the  critical  point 
ren  time,  ta  min: 

-lQss  1.  Simple  process 

[■  There  are  two  breaks  in  the  heating  curve. 

?.  Lethal  value  of  cooling  period  is  excluded. 


necessary  to  satisfy 
product  a  up  to  a 


o.  c  ,  Specifications 

slope  of  thermal  death  time  curve 

fin  =  6 ;  f2a  =  22.7; /3o  =  42  l  =  7  49-  /  cn  .  Za  ~  ^8° 

Retort  temperature  =  5° 

Initial  temperature . .  .  7h„  =  240° 

Cooling  water  temperature. . .  T°°  =  160° 

^ a  ~  U12,  Ia  —  240  —  100  =  80°  •  if  so  c  i  ^ .  1  ca  — 

F  =  15  U  ’JJa  -  89-6;  ti*  =  240  -  70  =  170° 
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Find  pha,  the  amount  of  lethal  heat,  expressed  in  terms  of  percentage  of  the< 
amount  necessary  to  sterilize,  which  is  effective  at  the  critical  point  in  product  ai 
in  the  heating  portion  only  of  the  process  up  to  the  time  ta  =  55  min. 

Solution 


1.  The  problem  involves  a  simple  process  with  two  breaks  in  the  heating  curve 
for  product  a;  therefore  the  patterns  of  Eqs.  (A)  and  (5)  are  presented  within 
the  section  of  Tables  14.9  and  14.10  comprised  of  lines  1  to  3. 

Columns  ®: 


gpa  =  log  1  (log  89.6  —  +  0^  =  5.4  Eq.  (Al),  line  1 — see  step  4 

-  lo^‘  (l0«  5'4  “  2^  +  2^7  l0g  Jj)  =  0  07 

Eq.  (A2),  line  1 — see  step  4 

a  =  log"1  flog  0  07  -  —  +  —  log  —  +  ^  log  =  0.054 

ga  log  ^lOg  V.KH  42  T  42  lug  5  4  -T-  42  r>  Q 

Eq.  (A3),  line  1 — see  step  4 


Columns  (§): 


t 


pa 


7.32 


tpha  50 


to  xa  =  6  log  ^  +  22.7  log  M  +  42  log  ^  =  43.66 
5.4 


Specifications — in  lieu  of  Eq.  (5 1),  line 
Specifications — in  lieu  of  Eq.  ( B2 ),  line 


0.07 


0.1 


ta  =  55 
Columns 
gpa  ~  5.4 


Eq.  (53),  line  1 — see  step  4 
Specifications — in  lieu  of  Eq.  (54),  line  1 


Eq.  (Al) — see  columns  @ 

2,3.  No  divided  process  is  involved. 

4.  With  the  use  of  Eq.  (. K )  and  of  the  Eqs.  (A)  and  (5)  indicated  on  line  1  ol 
Tables  14.9  and  14.10,  values  of  gpa,  gPha,  9«>  anfl  h.ia  are  calculated  in  step  . 

5.  Since  t0. ,«  <  tpha  and  f„.i«  >  U  the  patterns  of  Eqs.  (A)  and  ( B )  are  p 

sented  in  line  2  of  Tables  14.9  and  14.10. 


gpa  5.4 

ga  =  log-1  (log  0.07 


55 

42 


+ 1 iog  W  - °-m! 


Eq.  (A2),  line  J 
Eq.  (A3),  line  1 


few  =  6  log  m  +  22.7  log  +  0  -  40.65 


Eq.  (52),  line  5 


Note:  Tia  —  Tia  —  0. 


6  7  Since  t.  is  greater  than  and  is  less  than  tph.  but  greater  than  I, 
the  pa«ern  of  EqV)  is  presented  in  line  2  of  Table  14 16 

8.  Only  the  heating  portion  of  the  process  is  considered,  therefore,  «. 

required. 
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9.  J>«.  =  ....  -  0)  -  +  1 00  ] •  (M) 

Entering  Table  12.3,  for  za  =  18  and  7’ia  =  240  in  scale  B,  find  Z\a  —  12.92. 
From  Table  14.3,  for  ga  =  0.1,  za  =  18,  find  Ph  o.ia  =  3.57. 

By  definition,  Ma  =  1  —  — =  0.736 

J  22./ 

From  Table  14.3,  for  gpa  =  5.4,  z„  =  IS,  find  Pea  =  0.362. 

By  Eq.  (Z)2),  <c/0  =  55  —  46.65  =  8.35 

By  definition,  12)a  =  log"-1  3?i8  =  46.417 

osa  =  (22.7  X  3.57  -  6  X  0.736  X  0.362  +  100  =  85.47%  (Nl) 

Class  2.  Divided  process 

a.  There  is  one  break  in  the  heating  curve. 

b.  Lethal  value  of  cooling  period  following  time  ta  is  included. 

Specifications 


l.  Slope  of  thermal  death  time  curve .  2o  =  jg° 

1.  /ia  =  6 ;fta  =  22.7;  ca  =  30;  gpra  =  10 

5.  First  retort  temperature .  j>  —  255° 

1.  Second  retort  temperature .  _  245° 

>.  Time  of  change  in  retort  temperature .  j  =  20 

1.  Initial  temperature .  j>  _  j^qo 

'.  Cooling  water  temperature .  rp  _  ~qo 


!.  ja  =  1.12;  I a  =  255  -  180  =  75°;  jaIa  =  84;  fi,a  =  245  -  70  =  175° 

I.  F  =  10 

Find  pa,  the  amount  of  lethal  heat,  expressed  in  terms  of  percentage  of  the 
mount  necessary  to  sterilize,  which  is  effective  at  the  critical  point  in  product  a 
n  the  combined  heating  and  cooling  portions  of  the  process  in  which  heating 
nds  and  cooling  begins  at  time  ta  =  25  min. 

'olution 


1.  The  problem  involves  a  divided  process  with  one  break  in  the  heating 
urve  for  product  a;  therefore  the  patterns  of  Eqs.  (.4)  and  ( B )  are  presented 
ath.n  the  section  of  Tables  14.9  and  14.10  comprised  of  lines  7  to  12.  The 
quations  according  to  line  10  are  arbitrarily  chosen  for  trial. 

'olumns  ®: 


>ra 


ora 


l0g~‘  (l0K  10  2S  +  2I7  los  Ts)  -  0  3«  Eq-  (A2),  line  10-see  step  4 

=  in  «... 


10 

Ma  =  10  d-  245 


255  =  0 


Specifications — in  lieu  of  Eq.  (41),  line  10 

Eq.  (K2) 


=  log""1  [log  (-9.24)  -  +  JLw§l  22.7  10  1  .  ^ 

L  22.7  +  22.7  g  10  +  227  g  36  J  =  log~  (~  °°)  =  0 


Eq.  (43),  line  10 — see  step  4 
Eq.  (A'10) — see  step  4 


=  0  +  255  -  245  =  10 
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Columns  (§): 


tba  =  20  Specifications  in  lieu  of  Eq.  (£l),  line  7  or  of  Eq.  (B2),  line  10 

tpa  =  6  lo§  8^°  =  5-55  Eq.  (£1),  line  10-see  step  2 

to.  ia  =  0  log  +  22.7  log  +  22.7  log  yyy  =  50.95 

Eq.  (£3),  line  10— see  step  4 
Specifications — in  lieu  of  Eq.  (£4),  line  10 


ta  —  25 

Columns  ®: 


Qbsa  —  0.36  +  245  255  —  9.64  Eq.  (£4) — see  step  4 

gPra  =  10  Specifications — see  columns  © 

2.  tpa  =  5.55  Eq.  (£1),  line  10 

3.  Since  tpa  <  tba ,  the  patterns  of  Eqs.  (.4)  and  (£)  are  presented  within  lines  10 
to  12  in  Tables  14.9  and  14.10. 

4.  With  the  use  of  Eq.  ( K )  and  of  Eqs.  (.4)  and  (£)  of  Tables  14.9  and  14.10, 
values  ol  Qbra ,  ffpsa,  Qsat  Q raj  tpa,  to.iaj  and  (jtsa  are  calculated  in  step  1 . 

5.  Since  £0.ia  >  ha,  line  10  of  Tables  14.9  and  14.10  presents  the  patterns  of 
Eqs.  (A)  and  (£).  Values  of  <7&ra,  gsa,  tpa,  and  t0.ia,  in  step  1  were  calculated  by 
Eqs.  (.4)  and  (£),  which  were  arbitrarily  chosen  for  trial,  in  accordance  with 
line  10;  therefore  they  do  not  have  to  be  recalculated. 

Note:  Tia  —  T2a  =  10.  Since  ta  >  ha  and  tbTa  <  rl\a  —  T2a,  this  problem  cannot 
be  solved. 


Class  2.  Divided  process 

a.  There  is  one  break  in  the  heating  curve. 

b.  Lethal  value  of  the  cooling  period  following  time  ta  is  included. 


Specifications 

1.  Slope  of  thermal  death  time  curve . 

2.  fia  =  6;  fia  =  22.7;  ca  =  30;  tpa  —  IS 

3.  First  retort  temperature . 

4.  Second  retort  temperature . 

5.  Temperature  at  critical  point  in  the  container  at  the  time  tha  of  change 

in  retort  temperature . 

6.  Initial  temperature . . 

7.  Cooling  water  temperature . 

8.  ja  =  1.12;  Ia  =  255  -  180  =  75°;jaIa  =  84.0;  =  245  -  70  =  175 


=  18° 


Tia  =  255= 
T2a  =  245c 


T\,a  =  24(T 
Toa  =  180c 
Tca  =  70° 


9.  £  =  10 


Find  p„,  the  amount  of  lethal  heat,  expressed  in  terms  of  percentage  of  the 
amount  necessary  to  sterilise,  which  is  effective  at  the  critical  point  m  product « 
in  the  combined  heating  and  cooling  portions  of  the  process  in  which  heating 
ends  and  cooling  begins  at  time  (4  min)  when  the  temperature  T,«  at  f  lic  cn 
point  in  the  product  is  243  F. 


Solution 

1.  The  problem  involves  a  divided  process  with  one  break  in  the  heatl"g^jn 


l.  The  prooiem  involves  »  uivmcu  — .  , 

for  product  a;  therefore  the  patterns  for  Eqs.  (A)  and  (B)  are  presented 
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ie  section  of  Tables  14.9  and  14.10  comprised  of  lines  7  to  12.  The  equations 
3  presented  in  line  7  are  arbitrarily  chosen  for  trial. 


(olumns  ®: 

iro  =  255  -  240  =  15  Eq.  (A9)  in  lieu  of  Eq.  (.41),  line  7 — sec  step  4 

,ro  =  0.084  +  255  -  245  =  10.084  Eq.  (A8) — see  step  4 

)sa  =  log-1  (log  15  -  +  log  8Ks)  =  0.084  Eq.  (42),  line  7— see  step  4 

„  =  245  —  243  =  2  Eq.  (A'5) — in  lieu  of  Eq.  (43),  line  7 — see  step  4 

0  =  2  +  255  -  245  =  12  Eq.  (A12) 

olumns  ®: 


=  6  log  84i5  =  4.489 
=  18 


la  =  6  log  ~  +  6  log  +  22.7  log 


Eq.  (.81),  line  7 — see  step  2 

Specifications — in  lieu  of  Eq.  (82),  line  7 

0.084 
s 


1 


=  13.44 


=  6  log  I  + 6  l0K  om  +  227  108  2 


0.084 


olumns 


Eq.  (83),  line  7 — see  step  4 
6.606 

Eq.  (84),  line  7 — see  step  4 


,a  245  240  5  Eq  (A'3) — see  step  4 

2.  tba  =  6  log  84fg  =  4.49  Eq.  (81),  line  7 

3.  Since  tpa  is  greater  than  tba,  the  patterns  for  Eqs.  (4)  and  (8)  are  presented 
ithin  the  lines  <  to  9  of  Tables  14.9  and  14.10,  respectively. 

4.  With  the  use  of  Eq.  (A)  and  of  Eqs.  (4)  and  (8)  under  the  pattern  pre- 

nted  in  line  7  of  Tables  14.9  and  14.10,  values  of  a,  n  n  „  n  n  t 

,  ’  ybra ,  yPra,  yPsa,  y sa,  ^ra,  Qbsa,  tba, 

la,  and  ta  are  calculated  in  step  1 . 

5.  Since  tpa  >  tba,  t0. ia  <  tpa,  and  t0.  ,a  >  tba,  line  8  of  Tables  14.9  and  14.10  is 
‘ally  established  to  present  the  patterns  of  Eqs.  (4)  and  (8).  Symbols  con- 
med  m  columns  ®,  @,  and  ®,  which  have  not  been  evaluated  either  in  the 
ecifi cations  or  by  Eq.  (A),  are  now  calculated  by  Eqs.  (4)  and  (8),  as  presented 
line  8  of  Tables  14.9  and  14.10. 

dumns  (7): 


,a  disappears  when  t0.u  <  tpa 
plumns  ®: 

=  6  log  8^5  +  0  =  4.49 

=  6  l0g  15  +  6  los  (H  +  0  =  14-0S 

=  6  log  8^t5  +  6  log  Yz  +  0  =  6.88 
Note:  T ia  -  T2a  =  10.  ghra  >  io. 


Eq.  (81),  line  8 
Eq.  (82),  line  8 

Eq.  (83),  line  8 


6.  The  value  of  gsa  was  calculated  in  step  1. 

d  <  tpa\  a  >  v"’  L  ~  toAa’  and  tpa  >  tb'»  the  patterns  of  Eqs  (M) 

d  (-' )  are  presented  in  line  17  of  Table  1446,  q  W 
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8.  Qa  =  •>'>%  =  O 


3  yr  = 

Z  2a 


Wi) 

9-  Pa  =  -p-  [fia(lJqa  —  0)  —  f \aRa  +  0]  Eq.  ( N2 ),  line  11 

Entering  Table  12.3,  for  za  =  18  and  l\a  =  245  in  scale  B,  find  Z2a  =  24.48. 
From  Table  14.8,  for  gla  =  2 ,z„  =  18 ,qa  =  5,  and  ^2a  =  175,  find  Pqa  =  2.1037 


By  definition, 
By  definition, 


ft  —  p  _  y  p 
il'a  /  u 2a  wla-*  u 


la 


v  i  —i  255  2*45  0  4 

2i«  =  log  1 - — -  =  3.594 


18 


From  Table  14.3,  for  gbsa  =  5,  za  =  18,  find  Pu2a  =  0.3928,  and  for  gbra  =  15 
za  =  18,  find  Puia  =  0.0607. 


By  definition, 


Pa 


Ra  =  0.3928  -  3.594  X  0.0607 
24.48 


10 


(6  X  2.1037 


0.175 

6  X  0.175)  =  28.33% 


m 


Procedure  for  Problems  of  Type  4 

Calculation  of  time  required  to  reach  a  given  temperature  at  critica 
point  in  product  a.  Ta  is  given. 

1.  From  the  section  of  Tables  14.9  and  14.10  which  represents  th< 
type  of  process  and  the  type  of  heating  curve  involved  for  product  a 
make  a  list  of  all  symbols  appearing  in  columns  ®,  (§),  and  (§)  of  Table; 
14.9  and  14.10  and  enter  all  values  of  such  symbols  as  are  given  in  th( 
specifications;  also  the  values  of  such  symbols  as  can  be  calculated  bj 
Eq.  (K),  using  information  from  the  specifications. 

2.  Where  a  divided  process  and  a  broken  heating  curve  are  involvec 
for  product  a,  calculate  tentative  values  of  tba  and  tpa  by  Eq.  (£5)  i 
values  of  these  symbols  are  not  given  in  the  specifications. 

3.  Where  a  divided  process  and  a  broken  heating  curve  are  involvec 
for  product  a,  with  the  use  of  the  tentative  values  from  step  2,  narrow 
the  section  in  Tables  14.9  and  14.10  which  presents  the  patterns  oi 
Eqs  (A)  and  (B)  to  be  followed,  to  three  lines.  Choose  the  first  line 
of  the  selected  section  in  Tables  14.9  and  14.10  tentatively  for  use  w 

the  next  step.  ,  , 

4  Using  Eq.  (K),  calculate  the  values  of  as  many  of  the  g  symbol  ^ 

possible  appearing  in  columns  ®,  ®,  and  ®  in  the  line  m  Tablel¬ 
and  14.10  tentatively  chosen  in  step  3.  Using  Eqs.  (A)  an< 
catcd  by  that  line,  calculate  the  values  of  such  symbols  as  cannot 
calculated  by  Eq.  (K)  or  are  not  given  in  the  specifications.  ^ 

5.  With  the  use  of  the  values  calculated  in  step  4,  make  ‘  (4 

of  the  line  in  Tables  14.9  and  14.10  to  present  the  patterns 
and  (B).  Using  equations  indicated  in  that  line,  make 
lations  of  the  values  of  the  symbols  appearing  in  the  line. 
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6.  From  the  values  calculated  in  step  5,  choose  the  line  in  Table  14.17 

which  presents  the  pattern  of  Eq.  (0). 

7a.  If  ga,  gra,  or  gsa  from  Eq.  (A)  is  less  than  the  value  calculated  in 
step  5  by  Eq.  (42),  calculate  the  value  of  ta  by  Eq.  (01).  Thus  the 
problem  is  solved. 

b.  If  ga,  gra,  or  gsa  from  Eq.  ( K )  is  greater  than  or  equal  to  the  value 
jalculated  in  step  5  by  Eq.  (42),  but  less  than  the  value  calculated  in 
step  5  by  Eq.  (.41),  calculate  the  value  of  ta  by  Eq.  (02).  Thus  the 
Droblem  is  solved. 

c.  If  ga  or  gra  from  Eq.  (A")  is  greater  than  or  equal  to  the  value  calcu- 
ated  in  step  5  by  Eq.  (.41),  calculate  the  value  of  ta  by  Eq.  (03).  Thus 
:,he  problem  is  solved. 

Problems— Type  4 

Calculation  of  the  time  required  to  reach  a  given  temperature  Tga  at  critical 
mint  in  product  a. 

Class  1.  Simple  process 

a.  There  is  one  break  in  the  heating  curve. 

b.  Lethal  value  of  cooling  period  is  not  included. 

Specifications 

.  fla  =  42 ;/2o  =  G4;  tpa  =  25 

!.  Retort  temperature .  j<  _  255° 

1.  Initial  temperature .  j'0a  _  180° 

:.  ja  =  1.41;  Ia  =  255  -  180  =  75 °;jaIa  =  105.75 

Find  the  length  of  time,  ta  min,  required  for  the  critical  point  to  attain  a 
emperature  Tga  of  228°. 

Solution 


1.  The  problem  involves  a  simple  process  with  one  break  in  the  heating  curve 
or  product  a;  therefore  the  patterns  of  Eqs.  (4)  and  (B)  are  presented  within 
he  section  of  Tables  14.9  and  14.10  comprised  of  lines  4  to  5.  The  equations 
s  presented  in  line  4  are  arbitrarily  chosen  for  trial. 

^olumns  ©: 


W  =  log-1  (log  105.75 
a  =  255  -  228  =  27 

Columns  (So): 


12  +  0)  20.92  Eq.  (42),  line  4 — see  step  4 

Lq.  (A  13),  in  lieu  of  Eq.  (43),  line  4 — see  step  4 


ia  =  25 


I.  la 


42  log 


105.75 

26.92 


+  64  log 


26.92 

0.1 


Specifications— in  lieu  of  Eq.  (B 1),  line  4 
+  0  =  180-10  Eq.  (B2),  line  4— see  step  4 


Columns  (§): 
va  =  26.92 


Eq.  (42) — see  columns  © 
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2,3.  No  divided  process  is  involved. 

4.  ith  the  use  of  Eq.  (K)  and  of  the  Eqs.  (.4)  and  ( B )  indicated  in  line  4  of  I 
Tables  14.9  and  14.10,  values  of  gpa,  ga,  and  t0.  i«  are  calculated  in  step  1. 

5.  Since  t0.ia  >  tpa,  line  4  of  Tables  14.9  and  14.10  presents  the  patterns  for 
Eqs.  (.4)  and  ( B ).  Values  of  symbols  in  step  1  were  calculated  in  accordance: 
with  line  4;  therefore  they  do  not  have  to  be  recalculated. 

Note:  Tla  -  T«a  =  0. 


6.  Since  <0.ia  >  tpa,  line  4  of  Table  14.17  presents  the  pattern  for  Eq.  (0). 

7.  ga  >  g^  [calculated  by  Eq.  (.42)]. 

ta  =  0  +  42 (log  105.75  -  log  27)  =  24.90  Eq.  (02),  line  4  I 

Class  2.  Divided  process 

a.  There  is  one  break  in  the  heating  curve. 

b.  Lethal  value  of  cooling  period  is  not  included. 


Specifications 

1.  /io  =  42;  =  C>4;  tpa  =  25 

2.  First  retort  temperature .  T io  =  255° 

3.  Second  retort  temperature .  Tia  =  245° 

4.  Temperature  at  critical  point  in  the  container  at  the  time  ( U,a  min)  of 

change  in  retort  temperature .  =  240 

5.  Initial  temperature .  Toa  =  180 

G.  ja  =  1.41;  la  =  255  -  180  =  75 °\jala  =  105.75 


Find  the  length  of  time,  ta  min,  required  for  the  critical  point  to  attain  a 
temperature  Tga  of  228°. 


Solution 

1  The  problem  involves  a  divided  process  with  one  break  in  the  heating  curve 
for  product  a;  therefore,  the  patterns  of  Eqs.  (4)  and  (B)  are  presented  in  the 
section  of  Tables  14.9  and  14.10  comprised  of  lines  7  to  12.  The  equations  as 
presented  in  line  10  are  arbitrarily  chosen  toi  tiial. 


Columns  CD : 

gbra  =  255  -  240  =  15 
gPra  =  log-1  (log  105.75 
gsa  =  245  -  228  =  17 
gra  =  255  -  228  =  27 


Eq>  (A'9)_ in  lieu  of  Eq.  (42),  line  10— see  step  4 
2^2  +  0)  =  20.92  Eq.  (41),  line  10— see  step  4 

Eq  (K5) — in  lieu  of  Eq.  (43),  line  10— see  step  4 

Eq.  (Nil) — see  step  4 


Columns  (§): 

fc.  -  42  log  +  64  log  +  0  -  41 .25  Eq.  <JB).  line  ,0-see  step  4 


tpa  —  25 
to.  la 


42  log  +  64  log  TT  +  64  log  ^1 


Specifications— in  lieu  of  Eq.  (Bl),  line  10 
85.98 

Eq.  (B3),  line  10— see  step  4 
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Columns 

7bsa  =  245  -  240  =  5 
hra  =  26.92 

1 05  75 

2.  tba  =  42  log  +  0  =  35.62 


Eq.  (A3) — see  step  4 
Eq.  (dl) — see  columns  ® 

Eq.  (B 1),  line  7 


3.  Since  tpa  <  tba,  the  patterns  for  Eqs.  (4)  and  ( B )  are  presented  within  the 
ines  10  to  12  of  Tables  14.9  and  14.10,  respectively. 

4.  With  the  use  of  Eq.  (A')  and  of  Eqs.  (^4)  and  ( B )  under  the  pattern  pre¬ 
sented  in  line  10  of  Tables  14.9  and  14.10,  values  of  gbr<i,  gPra,  g*a,  gra ,  tha,  t0.  \a,  and 
ibsa  are  calculated  in  step  1. 

5.  Since  t0Aa  >  tba,  line  10  of  Tables  14.9  and  14.10  presents  the  patterns  for 
*]qs.  (d.)  and  (B).  Values  of  symbols  in  step  1  were  calculated  in  accordance 
vith  line  10;  therefore  they  do  not  have  to  be  recalculated. 

Note:  Tla  -  T2a  =  10.  gbra  >  10. 

6.  Since  t0.ia  >  tba,  line  10  of  Table  14.17  presents  the  pattern  for  Eq.  ( O ). 

7.  gra  >  g pra  [calculated  by  Eq.  (A\)  in  step  4]. 

ta  =  0  +  42  log  U^75  =  24.90  (OS) 

&  i 


Procedure  for  Problems  of  Type  5 

Calculation  of  temperature  attained  at  critical  point  in  product  a  in  a 
;iven  number  of  minutes  after  beginning  of  process.  '  ' 


■  - ....  ...u.u,vu  cA.iuv.i  ui  pi ui;c»s.  ta  is  given. 

1.  Prom  the  section  of  fables  14.9  and  14.10  which  represents  the 
ype  of  process  and  the  type  of  heating  curve  involved  for  product  a, 
nake  a  list  ol  all  symbols  appearing  in  columns  (T),  (20),  and  (24)  of  Tables 
4.9  and  14.10  and  enter  all  values  of  such  symbols  as  are  given  in  the 
pecifi cations,  also  the  values  of  such  symbols  as  can  be  calculated  by 
5q.  ( K ),  using  information  from  the  specifications. 

2.  V  here  a  divided  process  and  a  broken  heating  curve  are  involved  for 
product  a,  calculate  tentative  values  of  tba  and  tpa  by  Eq.  (B5)  if  values 
I  thes®  symbols  are  not  given  in  the  specifications. 

3.  W  here  a  divided  process  and  a  broken  heating  curve  are  involved 
or  product  a,  with  the  use  of  the  tentative  values  from  step  2  narrow 
he  sect,0"  in  Tables  14  9  and  14.10  which  presents  the  patterns  of 

f  th  ‘  a!  , (B)  be  followed’  t0  three  lines-  Choose  the  first  line 
Lt  Step  SeCt10"  in  TableS  U  !)  a,Kl  1410  tentatively  for  nse  in  the 

4.  Using  Eq.  (K),  calculate  the  values  of  as  many  of  the  g  symbols  as 

TmoTrr :  c°'umns .®-  ^  1™,  in  » 9 

Tmth  h  b  (f  ,°r  ar°  n0t  g,VCn  in  the  '‘specifications. 

the  use  of  the  values  calculated  in  step  4,  make  the  final  choice 
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of  the  line  in  fables  14.9  and  14.10  to  present  the  patterns  of  Eqs.  (4) 
and  ( B ).  Using  equations  indicated  in  that  line,  make  the  final  calcu-- 
lations  of  the  values  of  the  symbols  appearing  in  the  line. 

6.  From  the  values  calculated  in  step  5,  choose  the  line  in  Table  14.16 
which  presents  the  pattern  for  Eq.  (P)  and  calculate  the  value  of  Tga  by 
Eq.  (P)  as  indicated  in  that  line.  Thus  the  problem  is  solved. 

Problems — Type  5 

Calculation  of  temperature  attained  at  critical  point  in  product  a  in  a  given  i 
number  of  minutes  ta  after  the  beginning  of  the  process. 

Cl  ass  1.  Simple  process 

a.  The  heating  curve  is  a  simple  curve. 

b.  Lethal  value  of  cooling  period  is  not  included. 

Specifications 


1.  fa  =  96 

2.  Retort  temperature . .  T\a  =  238° 

3.  Initial  temperature .  Toa  =  190° 


4.  ja  =  1.50;  /„  =  238  -  190  =  48 °)jaIa  =  72.0 

Find  the  temperature  T ga  attained  at  the  critical  point  at  the  time,  75  (ta)  min, 
after  the  beginning  of  the  process. 

Solution 

1.  The  process  involves  a  simple  process  with  a  simple  heating  cui\e  foi 
product  a;  therefore  the  patterns  of  Eqs.  (A)  and  (B)  are  presented  in  line  6  of 
Tables  14.9  and  14.10,  respectively. 

Columns  ®: 

9.  =  log-1  (log  72  —  7M6  +0)  =  11 .02  Eq.  (.43),  line  6-see  step  4 

Columns  @>: 

(,u  =  96  log  £  +  0  -  274.30  Eq.  (ill),  line  6-see  step  4 


Columns  (§): 


2  3  No  divided  process  is  involved.  .  .  f 

4[  With  the  use  of  Eq.  (K)  and  of  Eqs.  (A)  and  (B)  n'^ated  m  line 

Tables  14.9  and  14.10,  values  of  g „  and  to.i.  are  calcu  a  m  s  eP  ■ 

5  Line  6  of  Tables  14.9  and  14.10  is  the  only  line  applying  to  the  snnple 

heating  curve  in  the  simple  process. 


Mote :  Tia  -  Tia  =  0. 


6.  Taa  =  238  -0 


log  1  flog 


72 


75  -  0 

ya  —  “  \  “  96 

Class  2.  Divided  process 
a.  The  heating  curve  is  a  simple  curve. 


')  = 


226.08°. 


(P) 
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b.  Lethal  value  of  the  cooling  period  is  not  included. 


Specifications 


fa  =  74 

First  retort  temperature . 

Second  retort  temperature . 

Temperature  at  critical  point  in  the  container  at  the  time  (ha  min)  of 

change  in  retort  temperature . 

Initial  temperature . 

ja  =  1.41;  /„  =  240  -  175  =  05°;  jaIa  =  91.65 


T  ia  =  240° 
l\a  =  252° 

Tba  =  236° 
Toa  =  175° 


Find  the  temperature  Tga  attained  at  the  critical  point  at  the  time  115  ( ta )  min 
ter  the  beginning  of  the  process. 


lution 


1.  The  problem  involves  a  divided  process  with  a  simple  heating  curve  for 
aduct  a;  therefore  the  patterns  of  Eqs.  (.4)  and  ( B )  are  presenter!  within 
es  13  and  14  of  Tables  14.9  and  14.10,  respectively.  The  equations  presented 
line  13  are  arbitrarily  chosen  for  trial. 

ilumns  ®: 

2  =  240  -  236  =  4  Eq.  (A9) — in  lieu  of  Eq.  (.42),  line  13 — see  step  4 

=  log-1  (log  16  -  ^  +  log  ^  +  o)  =  10.24 

Eq.  (A3),  line  13  — see  step  4 
-  1  °-24  +  240  -  252  =  - 1.76  (A'l  2)-see  step  4 

lumns 


=  74  log  ^  +  0  =  100.65 


4 

91.65 


Eq.  (B 1).  line  13 — see  step  4 


_  7 .  .  01.05  .  _  .  ,  16 

“  ~  log  —  +  r4  log  —  +  0  =  263.76  Eq.  (B2),  line  13— see  step  4 


lumns  (g): 

=  252  -  236  =  16 


Eq.  (A'3) — see  step  4 


2,3.  A  broken  heating  curve  is  not  involved. 

lwinhUneei3nf°T  h?'  ‘/t “f  EqS'  M)  and  un(l“  ‘he  pattern  pre- 
lted  in  iine  13  of  Tables  14.9  and  14.10,  values  of  ah  a  n  t  t  i 

calculated  in  step  1.  9  ’  9m’  9ra’  tba’  to  ia>  and  ^ 

'  uTandm^vlT  13  f  T:li,>lef  149  and  14-10’  the  patterns  for 

;h  ^  fL  I  s  A  SV'  Step  '  Were  ral«>h‘ted  in  accordance 

h  line  13,  therefore  they  do  not  have  to  be  recalculated 


Vote:  7' ia  -  Tu  =  -12.  g,,ra  >  -12. 
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6-  ta  >  tba  and  ta  <  t0Aa ;  therefore,  by  line  27  in  Table  14.16, 


r,„  =  240  -  (240  -  252)  -  log-  (log  16  -  “5  ~  *°°  ^)  -  241.76°  (P),  line  21 


SUMMARY 


In  ('hap.  14,  on  the  foundation  of  equations  presented  in  Chaps.  II 
and  13,  are  developed  working  equations  designed  to  function  in  stepwisi 
calculation  procedures.  These  procedures  are  demonstrated  in  the  actua 
solving  of  five  types  of  problems  of  practical  nature  in  process  evaluation 

It  is  important  to  take  note  of  a  paradoxical  fact.  While  the  pattern 
of  solution  presented  here,  along  with  those  which  will  be  presented  ii 
the  next  chapter,  are  the  ultimate  goal  of  everything  in  this  book,  thes- 
calculation  procedures  are,  in  a  strong  sense,  entirely  independent  of  thi 
rest  of  the  book.  By  this  is  meant  that  the  calculations  can  be  executec 
without  consideration  of  the  manner  in  which  the  procedures  wen 
developed  or  the  formulas  were  derived.  This  is  pointed  out  to  empha 
size  the  fact  that  mechanical  manipulation  of  the  procedures  is  fairly 
simple  and  can  be  carried  out  with  facility  by  one  who  has  absolutely 
no  understanding  of  the  rudiments  of  process  evaluation.  It  must  b< 
further  emphasized,  however,  that  mechanical  manipulation  alone  does 
not  constitute  effective  use  of  process-evaluation  procedures.  A  worker 
to  arrive  at  results  intelligently,  must  be  guided  by  an  understanding  o 
the  practical  significance  of  all  the  factors  in  processing  which  are  repre¬ 
sented  by  parametric  values  in  the  “  cut-and-dried  ”  formulas.  This 
understanding  comes  only  from  experience. 

The  significant  differences  between  the  application  and  use  of  the 
calculation  method  developed  and  demonstrated  in  this  chapter  anc 
those  of  the  method  that  will  be  presented  in  Chap.  15  were  explorec 
logically  in  Chap.  3.  The  method  of  Chap.  14  is  used  in  evaluating  a 
process  from  the  standpoint  of  its  destruction  of  unwanted  entities 
capable  of  chemical  or  of  vital  activity,  such  as  enzymes  and  bacteria 
which  contribute  to  the  spoilage  of  food;  that  ol  Chap.  15  is  used  tc 
evaluate  a  process  from  the  standpoint  of  the  percentage  of  wanted 
entities  which  either  are  destroyed  or  are  permitted  to  survive  m  a 
substrate,  such  as  vitamins  or  other  factors  of  good  quality  in  a  food. 
This  distinction  in  application  between  the  two  methods  exists  because 
the  former  method  uses  as  its  criterion  of  effectiveness  the  action  oi 
lethal  energy  at  a  single  point  in  a  substrate-the  point  which  is  sub¬ 
jected  to  the  least  lethal  action-known  as  the  critical  point  <  ontra 
wise,  the  other  method  uses  as  its  criterion  of  effectiveness  the  av  S 
action  of  lethal  energy  at  all  points  in  the  substrate.  This  distinct 
was  exhaustively  analyzed  in  Chap.  3. 
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SYMBOLS 

The  symbols  and  definitions  given  below  refer  to  the  process  for  pro- 
uct  b.  All  symbols  to  which  is  appended  the  subscript  a  are  defined 
s  given  below  for  the  same  symbols  without  this  subscript,  but  they 
dvr,  not  to  the  process  being  calculated,  but  to  a  given  process  for 
roduct  a.  For  example,  f  represents  the  slope  of  a  simple  heating  curve 
>r  product  b,  and  fa  represents  the  slope  of  a  simple  heating  curve  for 
roduct  a. 


Symbols  Used  in  Making  Calculations 

Represents  slope  of  cooling  curve. 

Base  of  Napierian  logarithms,  e  =  2.7182818;  log,  10  =  2.302(3. 

Number  of  minutes  required  to  destroy  organism  at  250°F. 

( =  Vi/F).  Number  of  minutes  required  to  destroy  organism  at  first  retort 
temperature  Th  when  F  =  1. 


Fi  i  =  log 


250  -  7’i 


( -  Ut/F).  Number  of  minutes  required  to  destroy  organism  at  second 
retort  temperature  7’2,  when  F  =  1. 


Fi2  =  log-i  — °  ~  T? 

z 

The  “order  of  a  process,  representing  number  of  minutes  required  to 
destroy  organism  at  250°  when  ,  (of  real  or  assumed  thermal  death  time 

values  oidtl  i  ^  “  &  Standard  by  means  of  which  sterilizing 

values  of  different  processes  may  be  compared.  A  “process  of  order  10  ” 

or  instance,  is  a  process  which,  theoretically,  gives  100  per  cent  sterilizk- 

lon  when  calculated  on  basis  of  a  thermal  death  time  curve  passing 

through  point  10  min,  250°  and  having  a  slope  z  of  18°.  P  8 

Represents  slope  of  simple  heating  curve. 

Represents  slope  of  portion  of  broken  heating  curve  prior  to  first  break 

Represents  slope  of  portion  of  broken  heating  curve  after  noint  f  «  * 
break  and  prior  to  second  break.  PC  mt  of  first 

Represents  slope  portion  of  broken  heating  curve  after  second  break 

ffcrence  in  degrees  between  retort  temperature  7\  or  T  anH 
temperature  T„  that  must  Kp  •  ,  *  .  ,  1  or  '  2  and  maximum 

to  meet  requirement  ^  ^  to  -able  process 

is  not  less  than  0.1°.  '  '  conditions  when  this  difference 

Difference  in  degrees  between  first  retort  temperature  T  t 

at  critical  point  in  container  at  instant  of  J  1  &nd  temPerature 

zzt7Tixirc  2,2  a"d~r- 

ature.  msiant  ol  change  in  retort  temper- 
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9  p 


9ph 


Opr 


(Ips 


Or 


9s 


H  i 


Ho 
H  3 

H 12 
//*2 
/l 

/j 

i 


jc 


K  i 
/v2 

M 

rn 

AT 

Ph 


Ph  0.1 


Difference  in  degrees  between  retort  temperature  7\  and  temperature  a 
critical  point  in  container  at  instant  of  first  break  in  heating  curve. 

Difference  in  degrees  between  retort  temperature  7\  and  temperature  a 
critical  point  in  container  at  instant  of  second  break  in  heating  curve. 

Difference  in  degrees  between  first  retort  temperature  7\  and  temperatur. 
at  critical  point  in  container  at  instant  of  first  break  in  heating  curve. 
Difference  in  degrees  between  second  retort  temperature  T2  and  tempef 
ature  at  critical  point  in  container  at  instant  of  first  break  in  heating  curve 
Difference  in  degrees  between  first  retort  temperature  7\  and  maximur. 
temperature  Ta  that  must  be  attained  at  critical  point  to  enable  proces 
to  meet  requirements  imposed  by  stated  conditions  when  this  differenc 
is  not  less  than  0.1°. 

Difference  in  degrees  between  second  retort  temperature  To  and  maximur. 
temperature  Ta  that  must  be  attained  at  critical  point  to  enable  proceg 
to  meet  the  requirements  imposed  by  stated  conditions  when  this  differ 
ence  is  not  less  than  0.1°. 

Factor  used  to  convert  a  parameter  of  P  series  to  a  value  of  p  series,  o 
vice  versa.  Hi  =  fZx/p  or  fiZx/p. 


(=/2Zi/p). 

( =  f3Zi/p). 

(=  fZo/p  or  fiZoJp). 

( =  fiZo/p). 

Difference  in  degrees  between  first  retort  temperature  7\  and  initia 
temperature  7Y 

Difference  in  degrees  between  second  retort  temperature  To  and  initia 
temperature  To. 

A  factor  which,  when  multiplied  by  /,  designates  point  of  intersection  c 
vertical  line  representing  beginning  of  a  process  with  extension  of  straigh 
portion  of  semilog  heating  curve  when  no  time  is  consumed  in  bringin 
retort  to  processing  temperature. 

A  factor  which,  when  multiplied  by  quantity  m,  has  an  application  t 
cooling  curve  which  is  analogous  to  application  of  j  to  heating  curve 
Automatically,  because  of  values  assigned  to  parameter  Pq,  value  of  ]c  ■ 

1.41. 

A  factor  employed  in  two  working  equations  to  represent  pFn/l  0 
pt/i/100F. 

(=  pFn/ 100  or  pUojXWF). 

A  factor  employed  in  three  working  equations  to  represent  1  -  fx/h 
Difference  in  degrees  between  cooling  water  temperature  Tc  and  temp1 
ature  Ta  existing  at  critical  point  in  container  at  beginning  of  cooling. 

A  factor  employed  in  two  working  equations  to  represent  1  -/.//»■ 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  crit^ 
point  during  heating  only,  up  to  a  given  time,  when  / 

T  =  220°. 

Per  cent  of  lethal  heat  nectary  to  sterile  which  U .  effective  ol 
point  during  heating  only,  up  to  t.me  cr.t.cal  po.nt  atume  a  temp 
0.1°  below  retort  temperature,  when  /  -  1,  F  1,  a  i 
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Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  and  cooling  in  a  process  in  which  a  maximum  temper¬ 
ature  T„  exists  at  critical  point  at  beginning  of  cooling,  when  /  =  1,  c  =  q, 
F  =  1,  T i  =  220°,  and  z  and  ipi  have  the  values  given  for  process. 

Pq  =  Pk  +  qPc 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  and  cooling  in  a  process  in  which  a  maximum  temper¬ 
ature  0.1°  below  retort  temperature  exists  at  critical  point  at  beginning 
of  cooling,  when  /  =  1  ,c  =  q,  F  =  1,  7\  =  220°,  and  2  and  i^i  have  values 
given  for  process. 


Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  time  critical  point  attains  a  temperature 
gbr  deg  below  retort  temperature,  when  /  =  1,  F  —  1,  and  7\  =  220°. 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  time  critical  point  attains  a  temperature 
gb,  deg  below  retort  temperature,  when  F  =  1 ,  /  =  1,  and  7\  =  220°. 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  time  critical  point  attains  a  tempera¬ 
ture  gp  deg  below  retort  temperature,  when  /  =  1,  F  =  1,  and  Ty  =  220° 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  time  critical  point  attains  a  temperature 
gpr  deg  below  retort  temperature,  when  /  =  1,  F  =  1,  and  7\  =  220° 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  time  critical  point  attains  a  temperature 
gP>  deg  below  retort  temperature,  when  /  =  1,  F  =  1,  and  7/  =  220° 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  time  critical  point  attains  a  temperature 
gPh  ueg  below  retort  temperature,  when  /  =  1  ,F  —  1,  7’,  =  220° 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  and  cooling  combined  in  a  process  in  which  a  maxi¬ 
mum  temperature  T„  exists  at  critical  point  at  beginning  of  cooling  when 
values  of  slopes  of  heating  and  cooling  curves,  of  retort  tempemtures 
and  of  F  are  as  given  for  the  problem.  1  ’ 

TnintT  °f  le.thal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  only,  up  to  a  given  time,  when  values  of  slope  o 

tempcra,ures- and  °f  f 

A  factor  employed  in  three  working  equations  to  represent  P.-tt  /tip 
Quotient  of  slope  value  of  cooling  curve  divider!  bv  done  v. I,  ^  »  "‘i 

portion  of  heating  curve.  ,  ,  c/f  or  c/f,  or  c//,  or  c//! 

A  factor  employed  in  three  working  equations  to  represent  />.,  -  2  j. 
Algebraic  difference  in  degrees,  7\  -  7’.,  * 

Temperature  at  critical  point  in  container  at  time  t. 

Initial  temperature. 

divided  pro!SsatUre  °f  a  Slmple  Pr°CeSS  °r  first  retort  temperature  of  a 
Second  retort  temperature  of  a  divided  process, 
emperature  at  critical  point  at  instant  of  change  in  retort  temperature. 


504 

7’e 

T0 


r 


v 


T 


ph 


t 


tl 


tb 


tp 


tph 


tu 


U 1,  U2 


z 


tly  t'i 

n 


C' 


u 


STERILIZATION  IN  FOOD  TECHNOLOGY 

Cooling  water  temperature. 

Temperature  at  critical  point  at  instant  of  beginning  of  cooling;  maximui 
temperature  attained  at  critical  point  in  container. 

Temperature  at  critical  point  at  instant  of  first  break  in  heating  curve. 
Temperature  at  critical  point  at  instant  of  second  break  in  heating  curv 

Number  of  minutes  from  beginning  of  process  to  instant  at  which  critic; 
point  in  container  attains  temperature  T„  deg. 

Number  of  minutes  from  beginning  of  process  to  instant  at  which  critic; 
point  in  container  attains  temperature  0.1°  below  retort  temperature. 

Number  of  minutes  from  beginning  of  process  to  instant  of  change  i 
retort  temperature. 

Number  of  minutes  from  beginning  of  process  to  instant  of  first  break  i 
heating  curve. 

Number  of  minutes  from  beginning  of  process  to  instant  of  second  brea 
in  heating  curve. 

Number  of  minutes  required  to  complete  a  process  after  temperature  a 
critical  point  in  a  container  reaches  0.1°  below  retort  temperature. 

Number  of  minutes  necessary  to  destroy  organism  at  retort  temperature 
7’i  and  T2,  respectively. 

A  factor  used  to  convert  a  parameter  of  P  series  to  a  value  of  p  series 
corresponding  to  retort  temperature  7Y 


,,  ,  T1  -  220 

Zl  =  iog  i - - - -  = 


-  2.303 


(220- TO 


Z2  =  log" 


T2  —  220  —5?  (220  —  Ti) 

-  =  e 


Represents  slope  of  thermal  death  time  curve. 

A  factor  employed  in  two  working  equations  to  represent  log-1  [(7\  —  T2)/z\ 


T  _  h.  =  hi 

'  “  Z2  Fn 

Difference  in  degrees  between  cooling  water  temperature  Tc  and  retor 
temperatures  T,  and  T2,  respectively,  ti  =  ( m  +  d)u  t*  =  ( Wl  + 

A  factor  employed  in  one  working  equation  to  represent  log  (30/*) 

il  —  Z\Fi\  —  Z2F \2. 

Symbols  Used  in  Development  of  Equations  but  Not  Used 
in  Making  Calculations 

Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  ' r1^ 
point  in  container  during  combined  heating  and  cooling  portions 
process,  in  which  critical  point  attains  temperature  g'  deg  below 
temperature,  when  /  =  1  and  /  =  1, 

Represents  slope  of  heating  curve, 


505 


NEW  FORMULA  METHOD  FOR  CALCULATING  PROCESSES 


Difference  in  degrees  between  retort  temperature  and  any  temperature  7„ 
on  heating  curve. 

Pc  value  of  intercept  of  Pc-g  curve  with  its  vertical  axis  g  =0.1°. 

(  =  1/t).  Lethal  rate  at  temperature  Tk  or  Tt. 

Lethal  rate  at  temperature  Tk  or  Tt,  when  F  =  1. 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  and  cooling  combined  in  a  process  in  which  a  maxi¬ 
mum  temperature  T„  exists  at  critical  point  at  beginning  of  cooling,  when 
heating  curve  has  slope  value  fh  cooling  curve  has  slope  value  given  for 
problem  (5/1),  and  retort  temperature  and  F  have  values  given  for  the 
problem,  p,  =  fxZxPq/F.  In  a  divided  process,  pi  =  fFZJPJF. 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  and  cooling  combined  in  a  process  in  which  a  maxi¬ 
mum  temperature  T„  exists  at  critical  point  at  beginning  of  cooling,  when 
heating  curve  has  slope  value  /2,  cooling  curve  has  slope  value  given  for 
problem  (qf2),  and  retort  temperature  and  F  have  values  given  for  the 
problem.  p2  =  f*Z\P  q/F . 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  heating  and  cooling  combined  in  a  process  in  which  a  maxi¬ 
mum  temperature  Tg  exists  at  critical  point  at  beginning  of  cooling,  when 
heating  curve  has  slope  value  /3,  cooling  curve  has  slope  value  given  for 
the  problem  ( qf 3),  and  retort  temperature  and  F  have  values  given  for  the 
problem.  p3  =  f-.lZiPq/F. 

Per  cent  of  the  lethal  heat  necessary  to  sterilize  which  is  effective  at 
critical  point  during  cooling  only,  in  a  process  in  which  a  maximum 
temperature  T„  exists  at  critical  point  at  beginning  of  cooling,  when 
c  =  1*  F  ~  1)  7’i  =  220°,  and  2  and  \px  have  values  given  for  the  process. 
Value  of  Pe  when  \f/x  =  200°. 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  cooling  only,  in  a  process  in  which  a  maximum  temperature 
0.1°  below  retort  temperature  exists  at  critical  point  at  beginning  of 
cooling,  when  c  =  1,  F  =  1,  Ti  =  220°,  and  2  and  have  values  given 
for  the  process. 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  cooling  only,  in  a  process  in  which  a  maximum  temperature 
Tn  exists  at  critical  point  at  beginning  of  cooling,  when  values  of  slope  of 
cooling  curve,  retort  temperature,  and  F  are  as  given  for  the  problem. 
Pc  —  fZ\P  C/F. 


Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  during  cooling  only,  in  a  process  in  which  a  maximum  temperature 
0.1  below  retort  temperature  exists  at  critical  point  at  beginning  of 
00  mg,  when  values  of  slope  of  cooling  curve,  retort  temperature,  and  F 
are  as  given  for  the  problem.  pc  0A  =  fZiPc  0  X/F 

Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 

Tdl  TE  M"*  011,7  UP  '°  tim°  «“«*  I»™‘  ^tains^temperature 

7  0  deg,  when  heating  curve  has  slope  value  1  F  =  8  T  -  99n°  1  1 

value  given  for  the  problem  ’  0,  Tk  -  22 0  ,  and  2  has 
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deg,  when  heating  curve  has  slope  value  a,  F  =  0,  =  220°,  and  2  V 

value  given  for  the  problem. 

Pfo  Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critid 

point  during  heating  only  up  to  time  critical  point  attains  temperatu 
T„  cleg,  when  heating  curve  has  slope  value  a,  F  =  0,  Tl  =  6,  and  2  hi 
value  given  for  the  problem.  pfg  =  pht  although  ph  has  broader  appi 
cation  than  p/„. 

Pht  Per  cent  lethal  heat  necessary  to  sterilize  which  is  effective  at  critic* 

point  during  heating  only  up  to  time  critical  point  attains  temperate 
T„  deg,  when  heating  curve  has  slope  value  1,  F  =  1,  Tx  =  8,  and  2  hi 
value  given  for  the  problem. 

Phz  Per  cent  lethal  heat  necessary  to  sterilize  which  is  effective  at  critic 

point  during  heating  only  up  to  time  t  at  which  critical  point  attains: 
maximum  temperature  T  g,  when  heating  curve  has  slope  value/2  and  reto« 
temperature  and  F  have  values  given  for  the  problem.  p,l2  =  fiPhZx/Fi 

Ph3  Per  cent  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critic 

point  during  heating  only  up  to  time  t  at  which  critical  point  attains: 
maximum  temperature  Tg,  when  heating  curve  has  slope  value/3  and  reto« 
temperature  and  F  have  values  given  for  the  problem.  p^  =  f3PhZi/F( 
pu  Per  cent  lethal  heat  necessary  to  sterilize  which  is  effective  at  critic! 

point  during  period  tu,  between  time  critical  point  in  container  attaii 
temperature  0.1°  below  retort  temperature  and  instant  at  which  coolin 
begins.  By  definition,  pu  —  p  —  Po.i- 

Each  of  the  symbols  in  Table  14.18  represents  per  cent  of  lethal  heat  necessary  t 
sterilize  which  is  effective  at  critical  point  during  heating  only  up  to  time  critic* 
point  attains  g  deg  below  retort  temperature  5,  when  heating  curve  has  a  slope  valuer 
and  when  retort  temperature  and  F  have  values  given  for  the  problem. 

Table  14.18.  Definitive  Properties  of  ph  Symbols 


Symbol 

(J 

5 

a 

Pul 

(Jp 

Ti 

fi 

Put 

(Ip 

Ti 

U 

Put 

ffb 

Ti 

/i 

Puk 

Ob 

T2 

/. 

Pui 

Ob 

Ti 

f 2 

pum 

9b 

Ti 

/« 

Pvi 

Op 

Ti 

/. 

p,k 

Op 

T-i 

/. 

Pvi 

Op 

Ti 

h 

P  vm 

Op 

Ti 

ft 

Pvi 

a  pb 

Ti 

ft 

Pv  3 

0  pb 

Ti 

fa 

Notes:  g  =  temperature  at  critical  point  expressed  in  degrees  below  retort  tempera, 
ture. 

5  =  retort  temperature, 
a  =  slope  value  of  heating  curve. 
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Temperature  at  critical  point  in  container  at  specified  time  th . 

Symbol  for  temperature  indicated  by  generalized  heating  curve. 
Temperature  at  critical  point  in  container  at  specified  time  tc. 

Symbol  for  temperature  indicated  by  generalized  cooling  curve. 

Symbol  to  represent  temperature  5  —  y. 

Symbol  to  represent  temperature  220  —  y. 

Time  in  minutes  reckoned  from  beginning  of  a  process. 

Time  in  minutes  necessary  to  destroy  spores  at  temperature  T 

Time  in  minutes  during  cooling  of  container,  reckoned  from  instant  cooling 

begins. 

Time-scale  units  for  generalized  cooling  curve;  time  values  in  units  of  c  min 
each,  reckoned  from  instant  cooling  begins. 

Length  of  process  in  minutes  when  maximum  temperature  attained  at 
critical  point  in  container  is  T„,f  =  1,  F  =  1,  and  1\  —  220°. 

Time  in  minutes  during  heating  of  container,  reckoned  from  beginning  of 
process. 

Time  necessary  to  destroy  spores  at  temperature  Tk- 
Time  necessary  to  destroy  spores  at  temperature  Z’„. 

Time  necessary* to  destroy  spores  at  temperature  Tt. 

Number  of  minutes  required  to  complete  a  process  after  temperature  at 
critical  point  in  a  container  reached  0.1°  below  retort  temperature  or  T\. 
Time  necessary"  to  destroy  spores  at  temperature  Tx. 

Slope  value  of  Pc-g  curves. 


Variable  in  equation  of  heating  curve  which  represents  time  in  minutes  to 
attainment  of  temperature  Tg.  xh  =  t. 

Variable  in  equation  of  thermal  death  time  curve  which  represents  difference 
in  degrees  between  Tn  and  any  given  temperature,  Tk  or  Tt. 

(=  Zi  1  220).  Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective 
at  critical  point  in  container  up  to  time  critical  point  attains  temperature  7’*, 
when  heating  curve  has  slope  value  1,  F  =  1,  and  T1  and  z  have  values  as 
given  for  the  problem. 


Fraction  of  lethal  heat  necessary  to  sterilize  which  is  effective  at  critical 
point  in  container  up  to  time  critical  point  attains  temperature  Tk,  when 
heating  curve  has  slope  value  1,  F  =  1,  Tx  =  220°,  and  z  has  a  value  as 
given  for  the  problem. 


Variable  in  equation  of  heating  curve,  which  represents  difference  in  degrees 
between  7\  and  Tk. 


\  ai  iable  in  equation  of  thermal  death  time  curv 
in  minutes  between  time  of  origin  and  time 
temperature,  Tk  or  Tt. 


e,  which  represents  difference 
corresponding  to  any  given 


Symbol  used  m  establishing  relationship  between  Ph  and  Ph  and  between  p0 
and  1  c  to  represent  any  value  of  /.  p 

Symbo!  used  in  establishing  relationship  between  ph  and  Ph  and  between  p 
and  Pc  to  represent  any  value  of  F.  n  Pc 

Symbo1  used  in  establishing  relationship  between  ph  and  Ph  and  between  p 
and  Pc  to  represent  any  value  of  T. 
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Fraction  of  total  lethal  value  of  a  process  which  is  represented  by  heatin 
portion  only,  when  maximum  temperature  reached  at  critical  point  is  Ta 
A  symbol  used  to  represent  log-'  [(7’„  -  'l\)/z\.  £„  =  Za/Z  =  Fi/F 

Zla/Z,  =  Fu/Fua. 

Thermal  death  time. 


HAPTER  15 


/ALUATION  OF  THE  EFFECT  OF  HEAT  PROCESSING 
PON  THE  ORGANOLEPTIC  QUALITY 
F  CANNED  FOODS* 


INTRODUCTION 


The  effect  of  the  heat  processing  of  foods  for  sterilization  upon  the 
ganoleptic  quality  of  the  food  has  been  the  object  of  study  for  as  long 
sterilization  by  heat  has  been  practiced.  The  canner  sometimes  tries 
preserve  the  quality  of  his  product  through  the  hazardous  practice  of 
nting  on  the  sterilizing  value  of  his  process.  This  practice,  however, 
ly  result  in  disaster  due  to  bacterial  spoilage  of  the  product. 

The  increase  in  knowledge  of  the  factors  that  control  the  heat  steriliza- 
»n  of  food,  which  has  come  to  us  during  the  past  three  decades,  has 
ought  with  it  an  increasing  amount  of  effective  study  of  ways  to  reduce 
e  destruction  of  quality  in  the  sterilizing  process.  Hope  springs  eternal 
the  development  of  a  means  of  sterilizing  food  without  the  use  of 
at  but,  notwithstanding  much  scientific  data  which  justly  gives 
couragement  to  this  hope,  the  commercial  use  of  nonheat  methods  of 
.rilizing  food  still  is  a  thing  for  future  realization.  Feeling  justified, 
erefore,  in  expecting  that  the  improvement  of  heat-processing  technics 
11  be  of  interest  to  the  canning  industry  for  years  to  come,  the  authors 
esent  herein  a  means  of  predicting  by  mathematical  procedures  the 
munt  of  destruction  of  organoleptic  quality  which  will  occur  in  a  food 
ring  any  heat  sterilizing  process. 

The  method  which  is  presented  is  believed  to  be  applicable  alike  to 
tntive  quality  and  organoleptic  quality.  In  fact,  its  development 
burred  m  an  application  to  nutritive  quality,  i.e.,  in  calculating  the 
te  of  destruction  of  thiamine  in  meat  during  heat  processing.  The 
p  ication  of  the  method,  therefore,  is  expected  to  be  broader  than 
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casual  observation  would  indicate— broader,  also, 
the  title  of  this  chapter. 


than  is  indicated  b 


Inasmuch  as  a  part  of  the  technic  of  this  method  is  identical  with  th 
technic  described  in  Chaps.  13  and  14,  several  calculation  steps  ar 
covered  only  by  reference  to  their  description  in  those  chapters. 


MODIFICATIONS  OF  HEAT  PROCESSES  TO  PRESERVE  QUALITY 

Measures  which  may  be  employed  in  heat  processing  to  preserv 
quality  were  described  in  Chap.  2.  In  such  measures,  the  steps  whic 
are  effective  in  accomplishing  the  desired  purpose  are  designed  to  brin 
about  one  or  more  of  the  following  changes  in  performance  in  a  hea 
process:  (1)  increase  the  rate  of  heat  penetration,  (2)  increase  the  degre 
of  uniformity  of  heating  of  the  various  portions  of  the  product,  (3 
decrease  the  length  of  the  process.  While  these  effects  are  closely  inter 
related,  one  is  not  invariably  accompanied,  in  the  natural  course  c 
events,  by  the  others. 

It  is  the  purpose  of  this  chapter,  not  to  explain  how  these  effects  cai 
be  realized,  but  to  present  a  method  through  the  use  of  which  one  cai 
predict  the  benefits  in  the  way  of  improved  quality  which  will  resul 
from  the  application  of  the  above-mentioned  measures. 

BASIS  OF  CALCULATION  METHODS 

The  relationship  between  the  rate  of  destruction,  or  survivor,  curvi 
for  bacterial  spores  and  the  thermal  death  time  curve,  which  plays  s 
major  role  in  the  use  of  mathematical  methods  for  establishing  therma 
sterilizing  processes  for  canned  foods,  is  in  the  record  of  earlier  work  [3,  14] 
It  is  discussed  in  Chap.  4. 

It  has  been  found  that  survivor  curves  for  vitamins  possess  the  same 
general  characteristics  as  do  those  for  bacteria.  These  curves  are  straight 
lines  when  plotted  to  semilogarithmic  coordinates  with  the  logarithmic 
(ordinate)  scale  representing  either  the  amount  of  surviving  vitamins  pei 
unit  of  material  or  the  percentage  surviving  of  the  original  amount  and 
the  linear  (abscissa)  scale  representing  the  time  of  heating  in  minutes. 
Curves  used  in  calculating  sterilizing  processes  are  shown  in  Figs.  5.la-5M 
(heat-penetration  curve),  Fig.  4.18  (thermal  death  time  curve),  and 
Fig.  15.1  (survivor  curve  for  bacterial  spores) — all  on  semilogarithmic 
coordinates. 

DATA  ON  DESTRUCTION  OF  QUALITY 

One  of  the  first  examples  of  the  kind  of  data  on  the  destruction  of 
quality  in  heat  processing,  to  which  the  calculation  method  describe 
herein  can  be  applied,  was  provided  by  Jackson,  Feaster,  and  Pilchei 
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i  presenting  information  on  the  rate  of  destruction  of  thiamine  in  meat. 
In  Fig.  15.2  are  reproduced  the  curves  which  were  presented  by  Jackson 
,  ai.  to  show  thiamine  survival  in  pork  luncheon  meat  heated  under 
mditions  which  permit  rapid  heating  of  all  portions  of  the  product, 
hree  of  the  curves  are  per  cent  thermal  destruction-time  curves,  reprc- 
mting  50,  20,  and  10  per  cent  thiamine  destruction,  respectively.  These 


irves  correspond,  for  thiamine,  to  the  phantom  thermal  death  time 
irves  for  bacteria  previously  described  by  Ball  [3].  The  fourth  curve 
i  the  chart  is  a  thermal  death  time  curve  for  typical  bacterial  spores. 

the  symbols  used  in  the  calculations  to  be  described  are  defined  at 
ie  end  of  the  chapter. 


SURVIVOR  CURVES  FOR  THIAMINE 


From  the  per  cent  destruction-time  curves  of  Fig.  15.2,  a  series  of 
imvor  curves  for  temperatures  from  190  to  270°F  was  plotted,  as 
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shown  in  Fig.  15.3.  With  the  use  of  these  curves,  through  a  process  « 
reconversion,  a  complete  series  of  per  cent  destruction-time  curves  wa 
plotted  in  Fig.  15.4;  then,  with  values  taken  from  Fig.  15.4,  survivci 

curves  for  temperatures  below  190  and  above  270°F  were  plotted  ii 
Fig.  15.3. 


Fig.  15.2.  Effect  of  temperature  on  rates  of  destruction  of  thiamine  and  typical  bac¬ 
terial  spores.  Per  cent  thermal  destruction  time  curves  ( from  Jackson  et  al.  [6])  and 
thermal  death  time  curve  (semilogarithm ic  coordinates). 

These  curves  express  the  same  relationship  for  thiamine  in  meat  as 
the  survivor  curve  of  Fig.  15.1  expresses  for  microorganisms,  but  in 
terms  of  percentage  instead  of  in  number  of  survivors  per  unit  volume 
of  material.  The  use  of  the  percentage  coordinate  serves  the  purpose  of 
the  procedure  being  described  better  than  does  the  use  of  the  coordinate 
“  number  of  survivors  per  unit  of  volume.”  The  use  of  percentage  values 
automatically  avoids  any  confusion  in  respect  to  the  unit  volume.  Since 
it  seems  natural  to  plot  data  on  the  destruction  of  a  nutritive  element 
first  in  the  form  of  survivor  curves  instead  ot  in  the  form  of  pei  cen 
destruction-time  curves,  the  calculation  procedure  will  be  developed  to 
start  with  the  survivor  curves  as  a  foundation. 
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In  the  case  of  bacterial  spores,  it  sometimes  appears  that  a  reduction 
the  number  of  spores  does  not  begin  immediately  upon  the  application 
heat,  but  that  a  period  of  time  elapses  before  a  reduction  in  numbers 
;comes  apparent.  When  there  is  such  a  delay  in  the  beginning  of 
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3.  15.3.  System  of  survivor  curves  for  thiamine  in  meat,  based  upon  per  cent  ther- 
d  destruction  time  curves  of  Fig.  15.2  (semilogarithmic  coordinates).  Heating  tem- 
ratures  from  175  to  300°F. 

struction  of  microorganisms,  the  survivor  curves,  extended,  may  not 
tersect  the  vertical  line  representing  zero  time  at  the  point  on  the 
dinate  scale  which  represents  100  per  cent  survival.  This  intersection 
ty  be  at  a  point  which  represents  more  than  100  per  cent  survival.  An 
spection  of  values  taken  from  the  per  cent  destruction-time  curves  of 
g.  15.2  seems  to  justify  the  conclusion  that  the  destruction  of  thiamine 
gins  at  the  instant  at  which  heat  is  first  applied.  The  survivor  curves 
ig.  5.3,  therefore,  are  plotted  to  intersect  the  vertical  line  repre- 
iting  zero  time  at  the  point  which  marks  100  per  cent  survival.  Under 
is  condition,  the  factor  e  equals  unity,  whereas,  if  a  reduction  in 
lamine  did  not  begin  at  the  instant  that  heat  was  first  applied  the 
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iactor  e  might  have  a  value  greater  than  unity.  It  will  become  apparc 
to  the  leader  that  this  factor  is  taken  into  account  automatically  in  tl 
calculation  procedures. 

BASIC  CALCULATION— METHOD  1 

To  provide  a  concept  of  the  basic  principle,  we  shall  describe  the 
steps  which  constitute  a  discursive  method  of  calculating  the  destructii 
of  a  nutritive  factor  at  a  given  point  in  a  canned  food  during  he 
processing. 

1.  Provide  the  heat-penetration  curve  for  the  product,  as  in  Fig.  14 
and  a  series  of  per  cent  destruction-time  curves  for  the  nutritive  fact« 
as  in  Fig.  15.4. 


Temperature,  °F 

Fig  15  4  System  of  per  cent  thermal  destruction  time  curves  for  thiamine  in  mei 
based  upon  survivor  curves  of  Fig.  15.3  (semilogarithmic  coordinates). 

2  Using  process  calculation  methods  of  (  hap.  14  or  of  MSI  I  CF  or. 
modified  by  Olson  and  Stevens  [11]  or  by  Schultz  and  Olson  [14],  calc- 
late  percentage  lethality  of  the  stated  process  on  the  basis  of  each 
four  of  the  per  cent  destruction-time  curves  just  as  if  each  o 
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urves  were  a  thermal  death  time  curve.  Determine  the  lethality  in 
erms  of  per  cent  of  unit  destruction,  which,  in  each  case,  represents 
00  per  cent  lethality  for  the  particular  per  cent  destruction-time  curve 
n  which  the  calculation  is  based. 

3.  Plot  a  curve  showing  the  relationship  between  the  per  cent  of  unit 
estruction  (step  2)  and  the  percentage  of  destruction  which  served  as 
base  for  the  calculation  of  the  per  cent  of  unit  destruction  (value  upon 
hich  the  per  cent  destruction-time  curve  is  based).  The  base  percent- 
^e  which  this  curve  shows  to  correspond  to  100  per  cent  of  unit  destruc- 
on  from  step  2  is  the  percentage  of  destruction  of  the  nutritive  factor 
hich  occurs  at  the  point  in  the  container  represented  by  the  heat- 
3netration  curve  during  the  given  sterilizing  process. 

For  example,  assume  that  step  2  is  carried  out  with  the  use  of  per  cent 
jstruction-time  curves  representing  10,  35,  65,  and  90  per  centdestruc- 
on,  respectively,  and  that  the  calculated  results  are  133  per  cent  for 
te  10  per  cent  base,  92  per  cent  for  the  35  per  cent  base,  52  per  cent  for 
ie  65  per  cent  base,  and  23  per  cent  for  the  90  per  cent  base.  When  the 
3r  cent  of  unit  destruction  values  (133  per  cent,  etc.)  are  plotted  as 
dinates  against  the  base  percentages  as  abscissas,  the  value,  100,  on  the 
dinate  scale,  corresponds  to  30  on  the  abscissa  scale.  Thus,  the  per 
nt  destruction  of  the  nutritive  factor  by  the  process  at  the  given  point 
the  food  is  30. 

NEW  PARAMETERS 


There  is  a  principle  concerned  with  the  relationship  between  processing 
mperature  and  quality  of  product,  the  validity  of  which  has  been  con- 
med  in  many  observations  by  those  who  are  engaged  in  this  field  of 
vestigation.  According  to  this  principle,  heat  at  higher  temperatures 
jS  ess  e™;ct  111  9uallty  impairment,  in  proportion  to  its  lethal  power  in 
spect  to  bacteria,  than  heat  at  lower  temperatures  has.  Evidence  of 
is  truth  is  seen  in  the  wide  difference  between  the  slope  of  the  thermal 
a  time  curve  and  that  of  the  per  cent  destruction-time  curves  in 
a-  :  ,  V  ln  a  casual  of  those  curves,  one  perceives 

“e'mp  d^  thct  ratet°f  deStmCti0n  °f  bacteria  ^creases  much 
m  Sr tempurature  18  “'creased  than  does  the  rate  of  destruc 

time — th— - 

lap.  14,  a  number °ifSprrameticr™lues  are'cmphr™^  Th11*1  °f 

cording  to  the  value  of  ,  (slope  of  the  thermal  death  «me ^  'Z 
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use  in  making  these  calculations,  the  tabulation  of  these  parametrii 
values  for  values  of  2  from  10  to  2G  is  sufficient.  Obviously,  to  mak: 
possible  the  calculation  of  the  amount  of  destruction  of  a  nutritive  facto 
which  has  occurred  in  a  food  in  a  heat  process  by  following  the  procedure; 
set  down  for  the  calculation  of  sterilizing  processes,  one  must  extend  thi 
tables  of  parametric  values  to  include  those  which  correspond  to  value; 
of  i  in  a  range  considerably  above  26,  the  maximum  value  of  z.  Thi 
required  new  values  are  contained  in  Tables  15.1  to  15.4,  which  suppl- 
values  for  extending  the  scope  of  the  calculation  procedures  to  includl 
values  of  i  (or  z)  up  to  80. 

The  parameters  given  in  Table  15.2,  which  indicate,  for  a  given  point 
the  lethal  value  of  the  part  of  the  process  prior  to  the  beginning  of  thi 
cooling  period,  are  designated  by  the  symbol  Ph.  Table  15.3  show, 
parameters  which  indicate,  for  a  given  point,  the  lethal  value  of  thi 
cooling  portion  of  the  process.  This  function  is  designated  by  thi 
symbol  Pc.  Table  15.4  shows  parameters  which  indicate,  for  a  giver 
point,  the  lethal  value  of  the  entire  process,  heating  and  cooling  com 
bined.  The  values  in  Table  15.4  are  designated  by  the  symbol  Pq.  Thi 
fifth  and  sixth  new  tables  (Tables  15.5  and  15.6)  show  values  of  parame 
ters  which  indicate  lethal  value  for  the  entire  contents  of  a  containe 
instead  of  for  a  given  point  within  the  contents.  It  is  assumed  that  tin 
container  contents  are  of  conduction  heating  type.  Table  15.5  show: 
parameters,  designated  by  the  symbol  Phs,  which  apply  to  the  heating 
portion  of  the  process  only;  by  the  symbol  Pcs,  which  apply  to  the  cooling 
portion  of  the  process  only;  and  by  the  symbol  Ps,  which  apply  to  th( 
entire  process,  heating  and  cooling  combined. 

Table  15.5  contains  only  a  small  number  of  typical  values  of  the  func 
tions  Phs,  Pcs,  and  Ps — only  enough  to  serve  as  a  guide  to  the  worker  11 
calculating  the  values  he  needs.  Calculation  of  complete  tables  ot  thesi 
values  would  constitute  almost  a  lifetime  of  work,  as  one  can  see  by  ai 
inspection  of  Table  15.6  in  which  calculations  of  Phs,  P cs,  and  Ps  f01 
the  problems  of  this  chapter  are  illustrated.  The  procedure  for  making 
these  calculations  will  be  described  later  in  this  chapter. 


CONCISE  METHOD  OF  CALCULATING— METHOD  2 
Calculation  Applying  to  a  Given  Point 

In  this  method  is  first  calculated  the  number  of  minutes  E  at  2o0  I 
which  effects  the  same  amount  of  destruction  of  the  nutritive  factor  ‘ 
the  given  process  at  the  given  point.  This  calculated  value,  1  app 
to  the  vertical  line  representing  250°F  on  a  chart  carrying  a  sys  u  ^ 
per  cent  thermal  destruction  time  curves,  such  as  Fig.  15.4,  giv  > 
direct  reference  to  the  per  cent  thermal  destruction-time  curves, 
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Table  15.1.  Values  of  Eh  or  Zj  (Parameters  Used  in  Solving  Problems) 


Temperature,  °F 

E,i  or  Z i 

Scale  A 
(for  En) 

Seale  B 
(for  Z i) 

i  =  8( 

i  =  7! 

i  =  76 

t  =  7J 

i  =  7: 

i  =  7( 

i'=6! 

t  =  6( 

i  =  64 

i  =  62 

i  =  60 

300 

170 

0.237 

I  0.228 

5  0.219 

3  0.211 

0  0  202 

1  0  193 

1  0.184 

0  0.174 

7  0.165 

5  0.156 

2  0.1468 

298 

172 

0.251 

2  0.242 

4  0  233 

0.224 

6  0.215 

4  0.200 

2  0.190 

9  0.187 

4  0  177 

8  0.168 

2  0  1585 

296 

174 

0.266 

1  0.257 

2  0.248 

0  239 

0  0.229 

8  0.220 

2  0.210 

6  0.200 

9  0.191 

9  0.181 

2  0.1711 

294 

176 

0.281 

8  0.272 

8  0.263" 

0  254 

S  0  244 

8  0.235 

2  0.225 

3  0.215 

4  0.205 

0.195 

0.1848 

292 

178 

0.298 

5  0.289 

4  0.280 

0.270 

7  0.261 

9  0.251 

2  0.241 

2  0.231 

0  0.220 

5  0.210 

0.1995 

290 

180 

0.316 

2  0  307 

3  0. 297f 

0.2881 

)  0.278 

1  0.268 

0.258 

2  0.247 

7  0.237 

0.226 

0  2154 

288 

182 

0 . 3351 

)  0.325 

0.3161 

0  306 

0  296 

1  0.286, 

0.276 

0.265 

3  0.254, 

0  243! 

1  0.2326 

286 

184 

0.354! 

0  345 

j  0.336C 

0.325' 

0.316 

0 . 306( 

)  0  295. 

0  284 

0  273! 

0  262( 

0.2512 

284 

186 

0  375! 

0.366, 

0  357C 

0  3471 

0.337 

0  326! 

I  0.316 

0  305 

1  0.294! 

0  282! 

0  2712 

282 

188 

0.398 

0.388! 

0  3793 

0.369! 

0  359- 

0.349( 

0.338- 

0.327, 

0.316! 

0  3047 

0.2929 

280 

190 

0  4217 

0.4125 

0.4030 

0.393: 

0  3831 

0  3728 

0  362 

0.351 

0.339! 

0  3282 

0.3162 

278 

192 

0.4467 

0  4375 

0.4281 

0.4181 

0.4081 

0  398 

0  387! 

0  376! 

0.365! 

0  353! 

0.3415 

276 

194 

0  4732 

0  4642 

0.4549 

0  445:. 

0  435- 

0  4252 

0  414f 

0.403' 

0.3924 

0  380! 

0  3687 

274 

196 

o.sor: 

0.4924 

0  4833 

0  473S 

0  464: 

0  4541 

0  4437 

0.432! 

0  4217 

0.4101 

0  398 1 

272 

198 

0  5309 

0  5223 

0  5135 

0.5043 

0  4948 

0  485C 

0  474! 

0.464! 

0.4532 

0.4417 

0.4299 

270 

200 

0.5623 

0.5541 

0.5456 

0.5367 

0.5275 

0  5180 

0.5080 

0.4977 

0  4876 

0  4758 

!  0.4642 

268 

202 

0  5957 

0.5865 

0  5797 

0  5712 

0.502.1 

0  5532 

0  5436 

0.5337 

0  5233 

0  5125 

|  0  5012 

266 

204 

0.6310 

0  6235 

0  6159 

0  6078 

0.5995 

0  5908 

0.5817 

0.5722 

0  5023 

0.5520 

0.5412 

264 

206 

0  6683 

0  6615 

0.6543 

0  6469 

0.6391 

0.6310 

0  6225 

0  6136 

0.6043 

0  5946 

0.5843 

262 

208 

0.7080 

0  7017 

0.6952 

0.6884 

0  6813 

0.6739 

0.6661 

0.6579 

0.6494 

0.6404 

0.6310 

260 

210 

0.7499 

0  7444 

0.7386 

0.7326 

0.7263 

0  7197 

0.7127 

0  7055 

0.6978 

0.6898 

0.6813 

258 

212 

0.7943 

0  7896 

0.7848 

0.7796 

0  7743 

0  7686 

0  7627 

0  7565 

0  7499 

0.7430 

0.7357 

256 

214 

0  8414 

0.8377 

0.8338 

0.8297 

0.8254 

0  8209 

0.8162 

0.8111 

0.8058 

0.8002 

0.7943 

254 

216 

0.8912 

0.8886 

0.8858 

0.8830 

0  8799 

0  8767 

0.8733 

0.8697 

0.8660 

0.8619 

0.8577 

218 

0.9441 

0.9427 

0.9412 

0.9397 

0.9380 

0.9363 

0.9345 

0.9326 

0.9306 

0.9284 

0.9261 

250 

220 

1.000 

1.000 

1.000 

1.000 

1  000 

1  000 

1.000 

1  000 

1.000 

1  000 

1  000 

222 

1.059 

1.061 

1.063 

1  064 

1  006 

1  068 

1.070 

1.072 

1  074 

1  077 

1  08Q 

244 

224 

226 

1.122 

1.188 

1.125 

1.194 

1.129 

1.199 

1.133 

1.205 

1 . 136 
1.212 

1.141 

1.218 

1.145 

1.225 

1.150 

1 . 233 

1.155 

1.241 

1.160 

1.250 

1.166 

1  25Q 

228 

1.259 

1.266 

1.274 

1.283 

1.292 

1.301 

1.311 

1.322 

1.334 

1.346 

1.359 

240 

238 

236 

234 

232 

230 

232 

234 

236 

238 

1.334 

1.413 

1.496 

1  5S  5 
1.679 

1.340 

1.425 

1.512 

1.604 

1.701 

1.354 

1.438 

1.528 

1.624 

1.725 

1.365 

1.453 

1.546 

1.645 

1.751 

1.377 

1.468 

1 . 565 
1.668 
1.778 

1.390 

1.484 

1.585 

1  693 
1.808 

1.403 

1  501 
1.607 
1.718 
1.840 

1.416 

1.520 

1.630 

1.747 

1.874 

1.432 

1.540 

1.655 

1.778 

1.910 

1 . 450 

1 . 562 

1  682 
1.812 
1.951 

1.468 

1.585 

1.711 

1.848 

1.995 

230 

228 

226 

224 

222 

240 

242 

244 

246 

248 

1.778 

1.884 

1.995 

2.114 

2.239 

1.805 

1.914 

2.031 

2.154 

2.285 

1.833 

1.947 

2.069 

2.198 

2.335 

1.863 

1.983 

2.110 

2.246 

2.390 

1.896 

2  021 
2.154 
2.298 
2.448 

1.931 

2.062 

2.202 

2.352 

2.512 

1.969 

2.106 

2.253 

2  412 
2.582 

2.009 

2.154 

2.310 

2.477 

2.656 

2.054 

2  206 

2  371 
2.548 
2.738 

2.102 

2  26  1 
2.438 
2.626 
2.829 

2.154 

2.326 

2.512 

2.712 

2.929 

220 

218 

216 

214 

212 

250 

252 

254 

256 

258 

2.371 

2.512 

2  661 
2.818 
2.985 

2.424 

2.572 

2.728 

2.894 

3.070 

2.481 

2.637 

2.801 

2.976 

3.162 

2.543 

2.707 

2.880 

3.065 

3.259 

2.610 

2.783 

2.966 

3.162 

3.371 

2.683 

2.865 

3.060 

3.268 

3.490 

2.762 

2 . 955 
3.162 
3.384 

3  621 

2.848 

3  054 
3.275 
3.511 
3.765 

2.943 

3.162 

3.398 

3.652 

3  924 

3.047 

3.282 

3.535 

3.808 

4.101 

3.162 

3.415 

3.687 

3.981 

4.299 

210 

208 

206 

204 

202 

260 

262 

264 

266 

268 

3.162 

3.350 

3.548 

3.758 

3.981 

3.257 

3.455 

3.665 

3.888 

4.125 

3.360 

3.570 

3.793 

4.030 

4.281 

3.472 

3.695 

3.932 

4.184 

4.453 

3.594 

3.831 

4  084 
4.354 

4  642 

3.728 

3.981 

4.252 

4  541 
4.850 

3.875 

4  146 

4 . 437 
4.748 
5.080 

4.037 

4.329 

4.642 

4  977 
5.337 

4.217 

4.532 

4  870 

5  233 
5.623 

4.417 

4.758 

5.125 

5.520 

5.946 

4.642 

5.012 

5.412 

5.843 

6.310 

200 

198 

196 

194 

192 

270 

272 

274 

276 

278 

4.217 

4.467 

4.732 

5.012 

5.309 

4.375 

4.642 

4.924 

5.223 

5.541 

4.549 

4.833 

5.135 

5.456 

5.797 

4.739 

5.043 

5.367 

5.712 

6.078 

4.948 

5.275 

5.623 

5.995 

6.391 

5.180 

5  532 
5.908 
6.310 
6.739 

5.436 

5.817 

6.225 

6.661 

7.127 

5.722 

6.136 

6.579 

7  055 
7.565 

6.043 

6.494 

6  978 
7.499 
8.058 

6.404 

6.898 

7.430 

8  002 
8.619 

6.813 

7.357 

7.943 

8.577 

9.261 

188 

186 

184 

182 

]80 

280 

282 

284 

286 

288 

5.623 

5.957 

6.310 

6.683 

7.080 

5.865 

6.235 

6.615 

7.017 

7.444 

6.159 

6.543 

6.952 

7.386 

7.848 

6.469 

6.884 

7  326 
7.796 
8.297 

6.813 

7  263 
7.743 
8.254 
8.799 

7.197 

7.686 

8.209 

8.767 

9.363 

7.627 

8.162 

8.733 

9  345 
0.000 

8.111 

8.697 

9.326 

0.000 

0  723 

8.660 

9  306 

0  000 
0.746 
1.548 

9.284 

0  000  1 
0.771  1 
1.602  1 
2.496  1 

0.000 

0  798 

1  659 
2.589 
3.593 

178 

176 

174 

172 

170 

290 

292 

294 

296 

298 

300 

7.499 

7  943 
8.414 
8.912 
9.441  1 
0  000  1 

7.896 

8.377 

8.886 

9  427 

0  000 

0  608 

8.338 
8.858 
9.412  1 
0  000  1 
0  625  1 
1.289  1 

8.830 

9.397 

0.000 

0  642 

1  325 
2.052 

9.380 

0  000 

0  601 

1  364 
2.116 
2.915 

0.000 
0.680 
1.406 
2.182 
2.925 
3.895  1 

0  701 
1.450 
2.253 
3.112 
4.030 
5.013  1 

1 .498 
2.328 
3.219 
4.175 
5.199  1 
6.297  1 

2.409 
3.335  1 
4.330  1 
5.399  1 
6.548  1 
7.783  1 

3.459  1 
4.497  1 
5.615  1 
6  819  1 
8.116  1 
9.513  2 

4.678 

5  849 
7.113 
8.479 
9.953 

1  544 
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Table  15.1.  Values  of  Eix  oh  Zx  (Parameters  Used  in  Solving  Problems)! 

( Continued ) 


Temperature,  °F 

£ti  or  Z\ 

scale  .4 
(for  En) 

Scale  B 
(for  Zx) 

i  =  58 

t  =  56 

i  =  54 

i  =  52 

i  =  50 

i  =  48 

i  =  46 

i  =  44 

i  =  42 

t  =  4(- 

300 

170 

0  1374 

0  1280 

0  1186 

0.1093 

0. 1000 

0  0909 

0.0819 

0.0731 

0  0645 

0  05ti 

298 

172 

0  1486 

0  1390 

0  1292 

0  1194 

0  1096 

0  1000 

0  0905 

0  081 1 

0  0720 

0  j)jy 

296 

174 

0  1610 

0  1509 

0  1407 

0  1304 

0  1202 

0.1101 

0.1000 

0  0901 

0.0803 

0  07C 

294 

176 

0  1743 

0.1638 

0  1532 

0  1425 

0  1318 

0.1212 

0.1105 

0  1000 

0  0896 

0  (17c 

292 

178 

0. 1887 

0  1778 

0  1668 

0  1557 

0.1445 

0  1334 

0  1222 

0.1110 

0.1000 

0.089 

290 

180 

0  2043 

0.1931 

0  1817 

0  1701 

0.1585 

0  1468 

0  1350 

0. 1233 

0  1116 

0  10(1 

288 

182 

0  2212 

0  2096 

0  1978 

0  1859 

0  1738 

0  1616 

0  1493 

0.1369 

0  1245 

0  112 

286 

184 

0  2395 

0.2276 

0  2154 

0  2031 

0  1905 

0.1778 

0  1650 

0.1520 

0  1390 

0  1?" 

284 

186 

0  2593 

0.2471 

0  2346 

0.2219 

0.2089 

0  1957 

0  1823 

0.1688 

0  1551 

0  141 

282 

188 

0  2807 

0  2683 

0  2555 

0.2425 

0.2291 

0.2154 

0  2015 

0.1874 

0.1730 

0.158 

280 

190 

0.3039 

0.2913 

0.2783 

0.2649 

0.2512 

0  2371 

0  2228 

0.2081 

0  1931 

0  177 

278 

192 

0  3290 

0.3162 

0.3030 

0.2894 

0.2754 

0  2610 

0.2462 

0  2310 

0.2154 

0.191 

276 

194 

0  3562 

0.3433 

0.3300 

0.3162 

0.3020 

0.2873 

0  2721 

0.2565 

0  2404 

0.223 

274 

196 

0.3857 

0  3728 

0  3594 

0.3455 

0.3311 

0  3162 

0.3008 

0.2848 

0  2683 

0.251 

272 

198 

0  4175 

0.4047 

0.3914 

0  3775 

0.3631 

0.3481 

0.3325 

0.3162 

0.2994 

0.281 

270 

200 

0  4520 

0.4394 

0.4262 

0  4125 

0.3981 

0.3831 

0  3675 

0.3511 

0.3341 

0.316 

268 

202 

0.4894 

0.4771 

0.4642 

0  4507 

0.4365 

0.4217 

0.4062 

0.3899 

0  3728 

0.354 

266 

204 

0.5298 

0  5179 

0  5055 

0  492! 

0  4786 

0.4642 

0.4489 

0.4329 

0.4160 

0.398 

264 

206 

0.5736 

0  5623 

0.5505 

0.5380 

0.5248 

0.5109 

0.4962 

0.4806 

0.4642 

0.446 

262 

208 

0  6210 

0.6105 

0.5995 

0.5878 

0.5754 

0.5623 

0.5484 

0.5337 

0.5180 

0.501 

260 

210 

0.6723 

0.6629 

0.6528 

0.6422 

0.6310 

0.6190 

0.6062 

0.5926 

0.5780 

0.562 

258 

212 

0  7279 

0.7197 

0  7110 

0  7017 

0  6918 

0.6813 

0.6700 

0.6579 

0.6449 

0.631 

256 

214 

0  7880 

0  7814 

0.7742 

0.7667 

0.7586 

0.7499 

0  7406 

0  7305 

0  7197 

0.708 

254 

216 

0.8532 

0  8483 

0  8432 

0  8377 

0.8318 

0.8254 

0.8185 

0.8111 

0.8031 

0.794 

252 

218 

0  9237 

0  9210 

0  9182 

0  9152 

0.9120 

0.9085 

0.9047 

0.9006 

0.8962 

0.891 

250 

220 

1  0000 

1  0000 

1  0000 

1  0000 

1.0000 

1  0000 

1.0000 

1.0000 

1  0000 

1.000 

248 

222 

1  083 

1  086 

1  089 

1.093 

1  096 

1.101 

1 . 105 

1.110 

1.116 

1.122 

246 

224 

1.172 

1.179 

1  186 

1.194 

1  202 

1.212 

1.222 

1.233 

1  245 

1.259 

244 

226 

1.269 

1.280 

1  292 

1.304 

1.318 

1.334 

1.350 

1.369 

1  390 

1.413 

242 

228 

1.374 

1 . 390 

1.407 

1.425 

1.445 

1.468 

1.493 

1  520 

1  551 

1.585 

240 

230 

1.486 

1  509 

1.532 

1  557 

1.585 

1.616 

1.650 

1.688 

1.730 

1.778 

238 

232 

1.610 

1.638 

1  668 

1.701 

1  738 

1.778 

1.823 

1.874 

1.931 

1.995 

236 

234 

1  743 

1.778 

1.817 

1.859 

1 . 905 

1.957 

2.015 

2.081 

2  154 

2.239 

234 

236 

1.887 

1.931 

1  978 

2.031 

2.089 

2.154 

2.228 

2.310 

2.404 

2.512 

232 

238 

2.043 

2.096 

2.154 

2.219 

2.291 

2.371 

2  462 

2.565 

2.683 

2.818 

230 

240 

2.212 

2.276 

2.346 

2.425 

2.512 

2.610 

2.721 

2.848 

2.994 

3.162 

228 

242 

2.395 

2.471 

2.555 

2.649 

2.754 

2.873 

3  008 

3.162 

3.341 

3.548 

226 

244 

2.593 

2.683 

2.783 

2  894 

3.020 

3.162 

3.325 

3.511 

3.728 

3.981 

224 

246 

2.807 

2.913 

3.030 

3.162 

3.311 

3.481 

3.675 

3.899 

4.160 

4.467 

222 

248 

3.039 

3.162 

3.300 

3.455 

3.631 

3.831 

4.062 

4  329 

4.642 

5.012 

220 

250 

3.290 

3.433 

3.594 

3.775 

3.981 

4  217 

4.489 

4  806 

5.180 

5.623 

218 

252 

3.562 

3.728 

3.914 

4.125 

4.365 

4.642 

4.962 

5.337 

5.780 

6.310 

21  fi 

254 

3.857 

4  047 

4.262 

4  507 

4.786 

5.109 

5.484 

5.926 

6.449 

7  080 

214 

256 

4.175 

4.394 

4.642 

4.924 

5.248 

5.623 

6.062 

6.579 

7 . 197 

i .  yw 

212 

258 

4.520 

4.771 

5.055 

5.380 

5.754 

6.190 

6.700 

7.305 

8.031 

8.yi'» 

210 

208 

206 

204 

202 

260 

262 

264 

266 

268 

4.894 

5.298 

5.736 

6.210 

6.723 

5.179 

5  623 

6. 105 

6  629 
7.197 

5.505 

5  995 
6.528 
7.110 
7.742 

5.878 

6.422 

7.017 

7.667 

8.377 

6.310 

6.918 

7.586 

8.318 

9.120 

6  813 
7.499 
8.254 
9.085 

10  000 

7.406 

8.185 

9  047 

10  000 

1 1  053 

8.111 

9  006 

10  000 

1 1  103 

12.328 

8.962 

10  000 

11  159 
12.452 

13  895 

10.000 

11.220 

12.589 

14.125 

15.849 

200 

198 

196 

194 

192 

270 

272 

274 

276 

278 

7.279 

7.880 

8.532 

9  237 
10.000 

7.814 

8.483 

9.210 

10  000 

10  857 

8.432 

9.182 

10  000 
10.890 

1 1  860 

9. 152 

10  000 

10  926 

1 1  938 
13.043 

10  000 

10  965 
12.023 
13.182 
14.454 

11.007 

12.115 

13.335 

14.678 

16.156 

12.217 

13  503 
14.925 
16.497 
18.233 

13.689 

15  199 
16.876 
18.738 
20.806 

15.505 

1 7  302 

19  307 
21.544 

24  041 

17.783 

19.953 

22.387 

25.119 

28.184 

190 

188 

186 

184 

182 

280 

282 

284 

286 

288 

10  826 
11.721 

12  690 
13.738 
14.864 

11.788 

12.798 

13.895 

15.086 

16  379 

12.915 

14.065 

15.317 

16.681 

18  166 

14.251 

15  570 
17.013 
18.588 

20  310 

15.849 
17.378 
19.055 
20  893 
22.909 

17.783 

19.574 

21  544 

23  714 
26.102 

20.153 

22.275 

24.621 

27.213 

30.079 

23.102 
25  650 
28.480 
31.623 
35.113 

26.827 

29.936 

33.405 

37.276 

41.596 

31.623 

35.482 

39.811 

44.668 

50.119 

180 

178 

176 

174 

172 

170 

290 

292 

294 

296 

298 

300 

16.103 

17.433 
18.874 

20.434 
22.122 
23.950 

17.783 

19  307 

20  961 
22.758 
24.709 
26  827 

19.783 

21  544 

23 . 462 
25.551 
27.825 
30  303 

22.190 
24  245 
26  490 
28  943 
31.623 
34.551 

25.119 
27  542 
30  200 
33.113 
36.308 
39.811 

28.730 

31  623 
34  807 
38.312 
42.170 
46  416 

33.246 

36.747 

40  616 
44.892 

49  619 
54.844 

38.986 

43.287 

48  064 
53  366 
59.256 
65  793 

46.416 

51  795 
57.798 
64.494 
71.968 
80  308 

56.234 

63.096 

70.795 

79.433 

89.125 

Tab  i 

- Tv 

Scale  . 

(for  E i 

~300 

298 

296 

294 

292 

290 

288 

286 

284 

282 

280 

278 

276 

274 

272 

270 

268 

266 

264 

262 

260 

258 

256 

254 

252 

250 

248 

246 

244 

242 

240 

238 

236 

234 

232 

230 

228 

226 

224 

222 

220 

218 

216 

214 

212 

210 

208 

206 

204 

202 

200 

198 

196 

194 

192 

190 

188 

186 

184 

182 

180 

178 

176 

174 

172 

170 
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of  En  or  Z\  (Parameters  Used  in  Solving  Problems) 
( Continued ) 


Ei\  or  Z\ 


i  =  38 


0.0483 
0  0546 
0.0616 
0  0695 
0  0785 

0.0886 

0  1000 
0  1129 
0.1274 
0  1438 

0.1624 
0  1833 
0.2069 
0.2336 
0.2637 

0.2976 
0.3360 
0.3793 
0.4281 
0.4833 

0  5456 
0.6158 
0  6952 
0  7848 
0.8857 

1  0000 
1.129 
1.274 
1  438 
1  624 

1.833 
2.069 
2.336 
2.637 
2.976 

3.360 
3.793 
4.281 

4.833 
5.456 

6.158 
6.952 
7.848 
8.859 
10.000 

11.288 
12  743 
14  384 
16.237 
18.330 

20  691 
23.357 
26  366 
29.763 
33.598 

37.927 

42.813 

48.329 

54.556 

61.584 

69.518 

78.475 

88.585 
100  00 
112  88 
127.43 


i  =  36 


0  0408 
0  0464 
0  0528 
0  0600 
0.0681 

0  0774 
0.0880 
0.1000 
0.1137 
0.1292 

0.1468 
0.1668 
0.1896 
0.2154 
0.2448 

0.2783 
0.3162 
0  3594 
0  4084 
0  4642 

0  5275 
0  5995 
0  6813 
0  7743 
0.8799 

1.0000 
1.137 

1.292 
1.468 
1.668 

1.896 
2.154 
2.448 
2.783 
3.162 

3.594 
4  084 
4.642 
5.275 
5.995 

6.813 
7  743 
8.799 
10  000 
11.365 

12.915 
14.678 
16  681 
18.957 
21.544 

24.484 
27.825 
31.623 
35  938 
40.842 

46.416 
52.750 
59.947 
68.129 
77.425 

87.992 
100  00 
113.65 
129.15 
146  78 
166.81 


i  =  34 


0  0338 
0.0388 
0  0444 
0.0508 
0.0582 

0.0666 
0.0763 
0.0873 
0. 1000 
0.1145 

0.1311 
0.1501 
0  1719 
0.1968 
0.2254 

0.2581 
0.2955 
0.3384 
0.3875 
0.4437 

0  5080 
0.5817 
0.6661 
0  7627 
0  8733 

1  0000 
1 . 145 
1.311 
1.501 
1.719 

1.968 
2.254 
2.581 
2  955 
3.384 

3.875 
4.437 
5.080 
5.817 
6.661 

7  627 
8.733 
10  000 
11  450 
13.112 

15.013 
17.191 
19  684 
22.539 
25.809 

29.552 
33.839 
38  747 
44.367 
50.802 

58.171 
66  609 
76.272 
87.334 
100  00 

114.50 

131.12 

150.13 
171.91 
196.84 
225.39 


t  =  32 


0  0274 
0  0316 
0.0365 
0  0422 
0  0487 

0  0562 
0.0649 
0  0750 
0.0865 
0.1000 

0.1155 
0  1334 
0.1540 
0.1778 
0.2054 

0.2371 
0.2738 
0.3162 
0.3652 
0.4217 

0.4870 
0.5623 
0  6494 
0.7499 
0.8650 

1.0000 
1.155 
1.334 
1  540 
1.778 

2.054 
2.371 
2.738 
3.162 
3.652 

4.217 
4.870 
5.623 
6  494 
7.499 

8.650 
10  000 
11.548 
13.335 
15.399 

17.783 

20.535 

23.714 

27.384 

31.623 

36.517 

42.170 

48.697 

56.234 

64.938 

74.990 
86.596 
100  00 
115.48 
133  35 

153  99 
177  83 
205  35 
237  14 
273.84 
316.23 


t  =  30 


0  0215 
0  0251 
0  0293 
0.0342 
0  0398 

0  0464 
0  0541 
0.0631 
0.0736 
0.0858 

0.1000 
0.1166 
0.1359 
0.1585 
0.1848 

0.2154 
0.2512 
0.2929 
0.3415 
0.3981 

0.4642 
0.5412 
0.6310 
0  7357 
0  8577 

1 . 0000 
1.166 
1  359 

1.585 
1.848 

2.154 
2.512 
2.929 
3.415 
3.981 

4.642 
5.412 
6.310 
7.357 
8.577 

10  000 
11  659 
13  593 
15.849 
18.479 

21.544 
25  119 
29 . 287 
34.145 
39.811 

46.416 
54,116 
63.096 
73.565 
85.768 

100  00 
116  59 
135,93 
158,49 
184.79 

215.44 
251.19 
292.87 
341  45 
398.11 
464.16 


i  =  28 


0  0164 
0.0193 
0.0228 
0.0268 
0  0316 

0  0373 
0  0439 
0  0518 
0  0611 
0  0720 

0  0848 
0  1000 
0  1179 
0  1390 
0  1638 

0.1931 
0  2276 
0.2683 
0  3162 
0.3728 

0.4394 
0  5180 
0  6105 
0  7197 
0.8483 

1  0000 

1.179 
1.390 
1.638 
1.931 

2.276 
2 . 683 
3.162 
3.728 
4.394 

5.180 

6  105 

7  197 
8.483 

10  000 

11.788 
13  895 
16.379 
19.307 
22.758 

26.827 
31.623 
37.276 
43.940 
51.795 

61.054 
71.968 
84.834 
100  00 
117.88 

138.95 
163.79 
193  07 
227.58 
268.27 

316.23 
372  76 
439  40 

517.95 
610.54 
719.68 


1  =  26 

0  01 19 
0.0143 
0  0170 
0  0203 
0  0243 

0.0289 
0  0346 
0.0413 
0  0492 
0  0588 

0.0702 
0.0838 
0  1000 
0  1194 
0  1425 

0  1701 
0  2031 
0.2425 
0  2894 
0.3455 

0.4125 
0  4924 
0.5878 
0.7017 
0.8376 

1.0000 
1.194 
1 . 425 
1.701 
2.031 

2  425 
2.894 
3.455 
4. 125 
4.924 

5.878 
7  017 
8.376 
10  000 

11.94 

14  25 
17.01 
20.31 
24  25 

28.94 

34.55 
41.25 
49  24 
58.78 
70  17 

83.76 
100  00 

119.4 

142.5 
170.1 

203.  1 
242  5 

289.4 

345.5 
412  5 

492.4 
587  8 
701  7 

837.6 
1000  0 
1194.0 
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a 

i  =  26 

A<J 

A, 

i  =  27 

3.0 

3  04 

40 

3.44 

3.1 

2.97 

39 

3.36 

3.2 

2  90 

38 

3.28 

3  3 

2.83 

38 

3.21 

3.4 

2.77 

6 

37 

3.14 

3.5 

2.71 

36 

3.07 

3.6 

2  65 

35 

3  00 

3.7 

2.59 

35 

2.94 

3.8 

2.53 

35 

2.88 

3.9 

2.48 

5 

34 

2.82 

4.0 

2.43 

24 

21 

17 

15 

33 

2.76 

4.5 

2.19 

30 

2  49 

5  0 

1.98 

28 

2.26 

5.5 

1.81 

26 

2.07 

6.0 

1.66 

13 

11 

11 

9 

24 

1.90 

6.5 

1.53 

23 

1.76 

7.0 

1.42 

21 

1.63 

7.5 

1.31 

20 

1.51 

8.0 

1.22 

18 

1.40 

8.5 

1.13 

8 

71 

69 

63 

17 

1.30 

9.0 

1  05 

16 

1.21 

9.5 

0.979 

151 

1.13 

0.0 

0.910 

140 

1.05 

).5 

0.847 

59 

56 

52 

49 

47 

134 

0.981 

1  0 

0.788 

126 

0  914 

1  5 

0.732 

119 

0  851 

2.0 

0  680 

111 

0  791 

2.5 

0.631 

104 

0.735 

3  0 

0.584 

41 

41 

39 

36 

67 

98 

0  682 

1.5 

0.540 

92 

0  632 

4  0 

0  499 

86 

0.585 

4.5 

0  460 

81 

0.541 

5.0 

0.424 

76 

0  500 

60 

0.357 

60 

53 

47 

41 

36 

65 

0  422 

7.0 

0.297 

56 

0  353 

8  0 

0  244 

47 

0  291 

9.0 

0  197 

39 

0  236 

0.0 

0.156 

32 

0.188 

1.0 

0.120 

305 

254 

206 

160 

123 

25 

0  145 

2.0 

0.0895 

195 

0  109 

1.0 

0  0641 

147 

0.0788 

to 

0.0435 

106 

0  0541 

5.0 

0.0275 

733 

0  0348 

6.0 

0.0162 

743 

436 

229 

110 

525 

44 

0  0206 

7.0 

0.00877 

253 

0.0113 

8  0 

0.00441 

137 

0  00578 

9.0 

0  00212 

69 

0  00281 

0.0 

0.00102 

35 

0  00137 

1.0 

0  000497 

255 

128 

589 

284 

138 

173 

0  000670 

2  0 

0.000242 

86 

0  000328 

1.0 

0  000114 

42 

0  000156 

4.0 

0.0*551 

210 

0.0*761 

5.0 

0.0*267 

101 

0  0*368 

6.0 

0.0*129 

677 

336 

140 

725 

310 

48 

0  0*177 

7.0 

0  0*61.3 

232 

0.0*845 

8.0 

0.0*277 

110 

0.0*387 

9.0 

0.0*137 

53 

0.0*190 

0.0 

0.0*645 

258 

0.0*903 

1.0 

0.0*305 

158 

79 

35 

17 

15 

106 

0  0*411 

2.0 

0  0*147 

53 

0  0*200 

1.0 

0.0*68 

29 

0  0*97 

4  0 

0  0*33 

17 

0  0*50 

50 

0.0 

0  0*16 
0.0573 

13 

0.0*29 

A I 


8 

8 

7 

7 

7 

7 
6 
6 
6 
6 

27 

23 

19 

17 

II 

13 

12i 

11 

10 

9 

8 
8 

69 

67 

63 

60 

56 

53 

501 

47 
44 
41 
78 

69 

62 

55 

48 
43 

36 

302 

247 

193 

142 

93 

552 

297 

144 

700 

342 

172 

799 

393 

191 

925 

458 

197 

997 

492 

211 

103 

47 

21 


42 
41 
41 
40 
39 

39 

39 

38 

37 

36 

35 

32 

30 

27 

26 

23 

22 

21 

20 

19 
18 
16 
15 

139 

136 

128 

121 

113 

107 

100 

94 

89 

83 

71 

61 

51 

43 

35 

28 
22 

163 

120 

83 

52 
30 

174 

85 

43 

214 

107 

52 

259 

125 

60 

285 

136 

66 

317 

128 

68 

36 

20 
15 


i  =  28 


3.86 

3.77 

3.69 

3.61 

3.53 

3.46 

3.39 
3.32 
3  25 
3.18 

3.11 
2.81 
2.56 
2.34 

2.16 

1.99 

1.85 

1.72 

1.60 

1.49 

1.39 
1.29 
1.20 

1.12 
1.05 
0  979 
0  912 
0.848 

0.789 

0.732 

0.679 

0.630 

0.583 

0.493 
0  414 
0  342 
0.279 
0  223 

0.173 
0.131 
0  0951 
0  0661 
0  0431 

0  0258 
0.0143 
0  00752 
0  00366 
0  00180 

0  OOOS84 
0  000435 
0.000208 
0  000102 
0  0*493 

0  0*237 
0  0*113 
0  0*523 
0.0-256 
00^122 

0 . 0*539 
0  0*268 
0  0*133 
0  0-70 
0  0*44 


A, 


9 

8 

8 

8 

7 

7 

7 

7 

7 

7 

30 

25 
22 
18 

17 

14 

13 

12 

11 

10 

10 

9 

8 

7 

71 
67 
64 
59 

57 

53 

49 
47 
90 

79 

72 
63 
56 

50 

42 

359 

290 

230 

173 

115 

078 

386 

186 

916 

449 

227 

106 

527 

256 

124 

607 

267 

134 
681 

271 

135 
63 

26 


i  =  29 


4 . 30 
4.21 
4.12 
4.03 
3.94 

3.86 
3.78 
3  70 
3.62 
3.55 

3.48 

3.15 


87 

63 

42 

24 

08 

94 


1.80 

1.68 

1.57 

1.46 

1.37 


16  1.28 
14  1  19 
1.12 
1.04 

(l  '-70 


141 

128 

122 


1 1  I 
108 
101 
94 
88 

76 

65 

56 

47 

38 

31 

24 
179 
133 

93 

60 

36 

196 

101 

51 

256 

128 

62 

32 
150 

71 

35 

103 

80 

39 

160 

82 

44 

25 

18 


0  903 
0  840 
0  780 
0.724 
0  671 

0  569 
0  479 
0.398 
0  326 
0.261 

0  204 
0.155 
0.113 
0  0794 
0  0524 

0  0318 
0  0179 
0  00948 
0  00467 
0  00231 

0  00114 
0  00056.3 
0  000270 
0  000134 
0  0*643 

0.0*308 
0  0*148 
0  0*686 
0  0*336 
0.0*161 

0.0*699 
0  0*350 
0  0*177 
0  0*95 
0  0*62 


Ag 

Ai 

o 

CO 

II 

46 

4.76 

4-5 

4.65 

43 

4.55 

42 

4  45 

8 

42 

4.36 

41 

4.27 

41 

4.19 

41 

4.11 

41 

4.03 

7 

40 

3.95 

33 

39 

3.87 

90 

36 

3.51 

24 

33 

3.20 

21 

30 

2.93 

10 

28 

2  70 

U3 

26 

2.50 

14 

25 

2.33 

14 

23 

2.17 

12 

22 

2.02 

Ll 

21 

1.89 

11 

19 

1.76 

9 

19 

1.65 

9 

17 

1.54 

9 

16 

1.44 

7 

16 

1.35 

s 

14 

1.26 

70 

14 

1.18 

67 

130 

1  10 

63 

117 

1.02 

60 

114 

0  954 

56 

108 

0.888 

53 

100 

0  824 

102 

94 

0  765 

90 

82 

0  651 

SI 

71 

0  550 

72 

60 

0  458 

65 

51 

0  377 

57 

41 

0.302 

49 

34 

0.238 

42 

26 

0.181 

336 

20 

0.133 

270 

147 

0.0941 

206 

103 

0.0627 

139 

68 

0  0386 

K49 

42 

0  0221 

1S1 

232 

0  0118 

236 

119 

0  00586 

117 

60 

0  00291 

577 

30 

0  00144 

?Q3 

150 

0  000713 

1 36 

73 

0  000343 

697 

36 

0  000170 

335 

176 

0.0*819 

160 

84 

0  0*392 

79 1 

41 

0  0*189 

350 

193 

0  0*879 

175 

94 

0  0*4.30 

911 

46 

0.0*207 

319 

195 

0  0*894 

173 

100 

0  0*450 

S2 

52 

0  0*229 

33 

29 

0  0*124 

20 

0  0*82 

A, 


11 

10 

10 

9 

9 

8 

8 

8 

8 

8 

36 

31 

27 

23 

20 

17 

16 

15 

13 

13 

11 

11 

10 

9 

9 

8 

8 

8 

66 

66 

64 

59 

114 

101 

92 

81 

75 

64 

57 

48 

389 

314 

241 

165 

103 

594 

295 

147 

727 

370 

173 

881 

427 

203 

1011 

449 

223 

1176 

444 

221 

105 

42 


i  =  31 


5.23 

5.12 

5.01 

4.91 

4.81 

4.71 

4.61 

4.52 

4.43 

4.35 

4.27 

3.88 

3.54 

3.25 


30  3.00 
28;  2.78 
26  2  59 
24  2.41 


23 

21 

20 

19 

18 

17 

16 

15 

14 

14 

13 

116 

112 

106 

99 

86 

75 
64 
54 
45 

36 

29 

22 

159 

113 

76 
48 
26 

138 

70 

35 

175 

86 

43 

201 

99 

48 

231 

111 

54 

236 

121 

61 

34 

23| 


2.25 

2.10 

1.96 

1.84 

1.72 

1.61 
1  51 
1.41 
1.32 
1.24 

1.15 

1.07 

1.00 

0.930 

0.864 

0.737 
0.625 
0  522 
0.431 
0.347 

0.274 
0  210 
0.155 
0.110 
0.0740 

0  0462 
0  0269 
0  0144 
0.00724 
0  00361 

0  00179 
0  000888 
0  000429 
0  000213 
0.000102 

0  0*491 
0  0*237 
0.0*111 
0  0*511 
0.0*261 

0  0*113 
0  0*571 
0.0*290 
0  0*158 
0  0*105 


11 

11 

10 

10 

10 

10 

9 

9 

8 

8 

39 

34 

29 

25 

22 

il¬ 

ls 

16 

15 

14 

12 

12 

11 

10 

10 

9 


8 

7 

70 

66 

127 

1 12 
103 
91 
84 
73 

64 

55 

45 

360 

278 

193 

125 
716 
363 
182 

902 

459 

216 

111 

529 

254 

126 
569 
280 
148 

559 

281 

132 

53 


A. 


49 

48 

47 
46 
45 

44 

44 

43 

43 

42 

41 

38 
35 
33 

31 

29 

27 
26 

24 

23 
22 
20 

19 

18 

17 

17 
16 
14 

14 

13 

12 

110 

105 

92 

79 
68 
57 

48 

39 
31 

24 

18 
123 

84 

54 

30 
158 

80 

40 
202 

98 

49 
24 

114 

55 
26 

128 

62 

28 
145 

72 

40 

26 
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Table  15.2.  Value  of  Function  Pk  ( Continued ) 


i  =  32 


Ad 


5.72 

5.60 

5.48 
5.37 

5.26 

5.15 

5.05 

4.95 

4.86 
4.77 

4.68 

4.26 
3.89 

3.58 

3.31 

3.07 

2.86 

2.67 

2.49 
2.33 
2.18 
2.04 
1.91 

1.79 

1.68 

1.58 
1.48 
1.38 

1.29 
1  20 
1.12 
1.04 

0.969 

0.829 
0.704 
0  590 
0.488 
0.395 

0.313 
0.241 
0  179 
0.128 
0.0863 

0  0546 
0  0323 
0  0174 
0  00882 
0.00441 

0  00219 
0  00109 
0.000527 
0  000262 
0.000126 


0  0<605 
0  0*292 
0  0*137 
0.05669 
0.0*323 

0  0*141 
0  0*716 
0  0*362 
0  0*198 
0  0*131 


12 

12 

11 

11 

11 

10 

10 

9 

9 

9 

42 

37 

31 

27 

24 

21 

19 

18 

16 

15 

14 

13 

12 

11 

10 

10 

10 

9 


Ai 


9 

8 

8 

71 
140 

125 

114 

102 

93 

82 

72 
62 
51 

417 

317 

223 

149 

858 

441 

222 

110 

563 

265 

136 

655 

313 

155 

701 

346 

182 

694 

354 

164 

67 


51 

50 

49 

48 

47 

47 

19 

46 

15 

44 

43 

40 

37 

34 

32 

30 

29 

27 

26 

24 

23 

21 

2(1 

10 

18 

17 

16 

15 


t  =  33 


14 

14 

13 

12 

111 


84 

73 

62 

52 

42 

33 

26 

18 

136 

93 

61 

33 

178 


6.23 

6.10 

5.97 

5.85 

5.73 

5.62 
5.51 
5.41 
5.31 
5.21 

5.11 
4.66 
4.26 
3.92 

3.63 
3.37 
3  15 
2.94 

2.75 
2  57 
2  41 
2.25 

2.11 

1.98 

1.86 

1.75 
1  64 
1.53 

1.43 
1.34 
1  25 
1  16 
1.08 


97  0  926 


91  0.00532 


46 

23 

112 

57 

27 

131 

64 

30 

15 

72 

34 

167 

84 

46 

29 


0.788 
0  663 
0  550 
0.447 

0  355 
0  274 
0  205 
0.147 
0.0999 

0.0639 
0  0384 
0  0207 
0  0106 


0  00265 
0  00132 
0.000639 
0  000319 
0.000153 

0  0*736 
0  0*356 
0  0*167 
0  0*816 
0  0*395 

0  0*175 
0  0*883 
0  0*446 
0  0*244 
0.0*160 


13 

13 

12 

12 

11 

11 

10 

10 

10 

10 

45 

40 

34 

29 

26 

22 

21 

19 

18 

16 

16 

14 

13 

12 

11 

11 

11 

10 

9 

9 


Ai 


52 

51 

50 

49 

49 

48 

48 

47 

46 

45 

44 

41 

38 

36 

34 

32 

29 

28 

26 

25 

23 

23 

21 

20 

19 

18 

17 

16 


i  =  34 


9 
8 
154 

138 

125 

113 

103 

92 

81 

69 

58 

471 

360 

255 

177 

101 

528 

267 

133 

681 

320 

166 

794 

380 

189 

854 

421 

220 


14 

13 

13 

12 

104 

89 

76 

65 

54 


6.75 

6.61 

6.47 

6.34 

6.22 

6.10 

5.99 

5.88 

5.77 

5.66 

5.55 
5  07 

4.64 
4.28 

3.97 

3.69 
3.44 
3.22 

3.01 

2.82 

2.64 
2  48 
2.32 

2.18 
2  05 
1.93 
1.81 

1.69 


15  1.58 


867 

437 

202 

84 


36 
28 
21 
151 

103 

67 

37 
20 

102 

51 

26 

127 

64 

31 

147 

72 

34 

167 

82 


1.48 

1.38 

1.29 

1.20 

1.03 
0.877 
0  739 
0.615 
0  501 


45  0.400 


39 

195 

99 

52 

31 


0  310 
0.233 
0  168 
0.115 

0  0742 
0  0451 
0.0244 
0  0126 
0.00634 

0.00316 
0  00158 
0  000766 
0  000383 
0.000184 

0.0*883 
0.0*428 
0  0*201 
0  0*983 
0  0*477 

0  0*214 
0  0*108 
0  0*545 
0  0*296 
0  0*191 


14 

14 

13 

12 

12 

11 

11 

11 

11 

11 

48 

43 

36 

31 

28 

25 

22 

21 

19 

18 

16 

16 

14 

13 

12 

12 

12 

11 


153 

138 

124 

114 

101 

90 

77 

65 

53 

408 

291 

207 

118 

626 

318 

158 

814 

383 

199 

957 


455 

227 

1027 

506 

263 

106 

535 

249' 


3.51 

3  29 
3  08 
2.89 
2  71 
2.55 

2.39 

2.25 

2.12 

1.99 

1.86 


16  1  74 
1.63 
1  52 
1.42 
1.32 


11 

94 

81 

69 

58 

47 

39 

31 

23 

16 

112 

73 

42 

22 

116 

58 

29 

141 

71 

34 

167 

81 

39 

187 

93 

45 

22 

112 


1.14 
0  971 
0  820 
0  681 
0.559 

0.447 
0  349 
0  264 
0  191 
0  131 

0.0854 
0.0524 
0  0286 
0.0148 
0.00750 

0.00374 
0  00187 
0  000907 
0  000454 
0  000218 

0  000105 
0  0*509 
0  0*240 
0  0*117 
0  0*570 

0  0*259 
0  0*130 
0  0*657 


14 

13 

13 

13 

12 

11 

11 

10 

10 

18 

169 

151 

136 

125 

112 

98 

85 

73 

60 

456 

330 

238 

138 

730 

376 

187 

963 

453 

236 

113 


70r|  60  0  0*356 
US|  35  0  0*226 


541 

269 

123 

600 

311 

129 
643 
301 

130 


30 

28 

27 

26 

25 

23 

22 

21 

19 

18 

18 

17 

15 

15 

13 

13 

11 

99 

84 

72 

61 

51 

41 

32 

24 
17 

121 

79 

45 

25 
129 

65 

32 

153 

79 

38 


19 

91 

43 

21 

103 

52 

26 

129 

68 

38 


3.81 

3.57 
3.63 
3.15 
2  96 

2.78 

2.61 
2  46 
2.31 
2.17 
2.04 

1.91 

1.78 
1.67 
1.55 
1.45 

1.25 
1.07 
0  904 
0.756 
0.620 

0  498 
0.390 
0.296 
0  215 
0.148 

0  0975 
0  0603 
0.0331 
0  0173 
0.00879 

0  00439 
0  00219 
0  00106 
0  000533 
0  000256 


24 

22 

20 

19 
18 

17 

15 

15 

14 

13 

13 

13 

11 

12 

10 

20 

18 
166 
148 
136 
122 

108 

94 

81 

67 

505 


32  4.13 


0  000124 
0  0*600 
0  0*283 
0  0*138 
0  0*673 

0  0*311 
0  0*156 
0  0*786 
0  0*424 
0.0*264 


372 

272 

158 

851 

440 

220 

113 

527 

277 

132 

640 

317 

145 

707 

362 

155 

774. 

362] 

100 


30 

28 

27 

26 

24 

23 

21 

21 

19 

18 

17 

16 

15 

14 

13 

11 

10 

90 

77 

65 

54 

44 

35 

26 

19 


135 

85 

51 

27 

141 

71 

36 

18 

89 

43 

20 

102 

49 

24 

118 

59 

30 

147 

76 

41 


A, 

i  =  35 

A, 

i  =  36 

Ag 

A, 

i  =  37 

Ag 

Ai 

53 

7.28 

15 

14 

14 

14 

13 

55 

7.83 

16 

15 

15 

14 

14 

56 

8.39 

17 

16 

16 

15 

15 

58 

52 

7  13 

55 

8  06 

55 

8.22 

57 

52 

6.99 

54 

7.52 

54 

8.06 

56 

51 

6.85 

52 

7.37 

53 

7.90 

55 

49 

6.71 

52 

7.23 

52 

7.75 

54 

48 

6.58 

12 

12 

12 

11 

11 

51 

7.09 

14 

12 

12 

12 

12 

51 

7.60 

14 

13 

13 

13 

12 

54 

47 

6  46 

49 

6.95 

51 

7  46 

53 

46 

6.34 

49 

6.83 

50 

7.33 

52 

45 

6.22 

49 

6.71 

49 

7.20 

51 

45 

6.11 

48 

6.59 

48 

7.07 

50 

45 

6  00 

51 

45 

39 

34 

47 

6.47 

54 

48 

41 

37 

48 

6.95 

57 

51 

44 

39 

49 

42 

5.49 

44 

5.93 

45 

6.38 

46 

40 

5.04 

41 

5.45 

42 

5.87 

43 

37 

4.65 

39 

5.04 

39 

5.43 

41 

34 

4.31 

29 

27 

9J 

36 

4.67 

31 

29 

OR 

37 

5.04 

33 

30 

00 

39 

33 

4  02 

34 

4.36 

35 

4.71 

36 

31 

3.75 

32 

4.07 

34 

4.41 

34 

3.87 

3.63 

3.42 

3.22 
3.02 

2.84 

2.67 

2.52 

2.36 

2.22 

2.08 

1.94 

1.82 

1.69 

1.58 

1.36 
1.17 
0.994 
0.833 
0  685 

0.552 

0.434 

0.331 

0.241 

0.167 

0  111 
0  0688 
0.0382 
0.0200 
0.0102 

0  00510 
0  00255 
0  00124 
0  000622 
0.000299 

0  000144 
0  0*702 
0.0*332 
0  0*162 
0.0*791 

0  0*370 
0  0*186 
0  0*933 
0  0*500 
0.0*305 


26 

24 
21 
20 
20 

18 

17 

15 

16 
14 
14 

14 
12 
13 
11 
22 

19 

176 

161 

148 

133 

118 

103 

90 

74 

56 

422 

306 

182 

98 

510 

255 

131 

618 

323 

155 

738 

370 

170 

829 

421 

184 

927 

433 

195 


32 

31 
29 
27 
26 
25 

24 

23 

21 

20 

19 

18 

17 

15 

15 
14 

13 
11 
96 

79 
68 

57 

46 
36 
28 

21 

14 
91 
55 
31 

16 

80 
40 
20 
99 

47 

23 

115 

55 

27 

131 

67 

33 

167 

86 

45 
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Table  15.2.  Value  of  Function  Pi,  ( Continued ) 


38 


8.97 

8.79 

8.62 

8.45 

8.29 


5  8.14 

6  7.99 

7  7.85 

8  7.71 

9  I  7.57 


7.44 

6.84 
6.30 

5.84 

5.43 

5.07 

4.75 

4.45 

4.18 
3  92 
3.69 

3.48 

3.27 

3.08 

2.90 

2.73 

2.56 

2.41 

2.26 

2.11 

1.97 

1.84 
1.72 

1.49 

1.28 
1  09 
0.912 
0.753 

0.609 
0.480 
0.367 
0.269 
0. 188 

0.125 

0.0779 

0.0437 

0.0231 

0.0118 

0  00590 
0  00295 
0  00144 
0.000721 
0.000346 

0  000167 
0  0*817 
0.0*387 
0  0*1 89 
0.0*922 

0  0*437 
0.0*219 
0  0*110 
0  0*586 
0  0*350 


A, 


18 

17 

17 

16 

15 

15 

14 

14 

14 

13 

60 

54 

46 

41 

36 

32 

30 

27 

26 

23 

21 

21 

19 

18 

17 

17 

15 

15 

15 
1  I 
13 
12 

23 


i  =  39 


58  9.55 
58  9.37 
9.19 
9.01 
8  84 


21 

19 

178 
159 
144 

129 

113 

98 

81 

63 

471 

342 

206 

113 

590 

295 

151 

719 

375 

179 

853 

430 

198 

968 

485 

218 

109 

514 

236 


55 

54 

53 

52 

51 

51 

51 

47 

44 

42 

40 

38 

35 

34 

32 

30 

29 

27 

26 

25 

23 

22 

21 

19 

18 

17 

17 

15 

14 


12 

11 

9 

84 

71 

59 

49 

39 

30 

21 

14 

96 
59 
33 
17 

87 

44 

21 

108 

52 

26 

127 

61 

30 

148 

76 

38 

19 

97 
48 


8.68 
8  52 
8.37 
8.22 
8.08 

7.95 
7.31 

6.74 
6.26 

5.83 
5.45 
5  10 
4.79 

4.50 

4.22 

3.98 

3.75 
3  53 

3.33 

3.13 

2.95 
2.77 
2.60 

2.44 
2.28 
2  14 

1.99 
1.86 


1  61 
1  39 
1.18 
■0  996 
.0  824 

0.668 

0.529 

0.406 

0.299, 

0  209 

0.139 
0.0875 
0  0496 
0  0264 
0.0135 

()  (liir,77 
0  00339 
0  00165 
0  000829 
0  000398 

0  000193 
0  0*944 
0  0*448 
0  0*219 
0  0*107 

0  0*513 
0  0*257 
0  0*129 
0.0*683 
0.0*398 


Aa 


18 

18 

18 

17 

16 

16 

15 

15 

14 

13 

64 

57 

48 

43 

38 

35 

31 

29 

28 

24 
23 
22 
20 

20 

18 

18 

17 

16 

16 

14 

15 
13 

25 

22 

21 

184 

172 

156 

139 

123 

107 

90 

70 


A, 


i  =  40 


60  10.15 
9  96 
9.77 
9.58 
9  40 


55 

55 

54 

53 

52 

51 

48 

46 

43 

41 

39 

37 

35 

33 

32 

30 

28 

27 

25 

24 

23 
22 
21 

19 

18 

17 

16 

15 

13 

12 

10 

84 

75 

63 

51 

40 

31 

24 


515 

379 

232 

129 

673 

338 

274 

821 

431 

205 

986 

496 

229 

112 

557 

256 

128 

607 

285 


16 

103 

64 

36 

19 

96 

49 

24 

120 

57 

29 

146 

68 

33 

16 

85 

42 

21 

107 

52 


9.23 
9  07 
8.91 
8  75 
8  60 

8.46 

7.79 
7  20 
6.69 

6  24 
5.84 

5.47 
5  14 

4.83 

4.54 

4.28 
4  03 

3.80 

3.58 
3.37 
3  18 
2.99 
2  81 

2  63 
2.46 
2.31 
2  15 
2  01 

1.74 

1.51 

1.28 
1.08 
0  899 

0  731 
0  580 
0  446 
0  330 
0  233 

0  155 
0  0978 
0  0560 
0.0300 
0  0154 

0  00773 
0.00388 
0  00189 
0.000949 
0  000455 

0.000222 
0  000109 
0  0*516 
0.0*252 
0.0*123 

0  0*598 
0.0*299 
0.0*150 
0  0*790 
0.0*450 


A  a 


19 

19 

19 

IN 

17 

16 

16 

16 

15 

14 

67 

59 

51 

45 

40 

37 

33 

31 

29 

26 

25 

23 

22 

21 

I" 

19 

18 

18 

17 

15 

16 
14 
27 


A.  i  =  42 


124  11.39 
12211  18 
120  10.97 
118  10.76 
117  10  57 


A(f  A; 


23 

23 

20 

181 

168 

151 

134 

116 

97 

78 

572 

418 

260 

146 

767 

385 

199 

941 

494 

233 

113 

574 

264 

129 

632 

299 

149 

710 

310 


115 

113 

111 

110 

109 

107 

101 

95 

89 

84 

80 

76 

72 

69 

66 

62 

60 

56 

53 

51 

47 

44 

42 

40 

38 

35 

34 

31 


28 

24 

22 

19 

161 

134 

111 

88 

65 
46 

33 

222 

142 

81 

43 

217 

111 

57 

281 

110 

66 
32 

155 

78 

38 

203 

101 

49| 

240 

121 


10  38 
10.20 
10  02 
9.85 
9.69 

9  53 
8.80 
8  15 
7.58 

7.08 
6  64 
6  23 
5  86 

5  52 
5.20 
4  90 
4.63 
4  36 

1  II 

3.88 
3.65 
3  43 
3  23 

3.03 

2.84 

2  66 
2.49 
2.32 

2  02 
1  75 

I  50 
1.27 
1  06 

0  865 
0.691 
0.534 
0.395 
0.279 

0.188 
0  120 
0  0702 
0  0381 
0.0197 

0  00990 
0  00499 

II  00210 

0  00123 
0  000595 

0  000288 
0  000141 
0  0*671 
0  0*330 
0  0*101 

0  0*801 
0  0*400 
0  0*199 
0  0*103 
0  0*571 


21 

21 

21 

19 

19 

18 

18 

17 

16 

16 

73 

65 

57 

50 

44 

41 

37 

34 

32 

30 

27 

27 

25 

23 

23 

22 

20 

20 

19 

18 

17 

17 

30 

27 

25 

23 

21 

195 


174 

157 

139 

116 

91 

68 

498 

321 

184 

980 

491 

253 

123 

635 

307 

147 

739 

341 

169 

809 

401 

201 

96 

459 


127 

125 

123 

122 

120 

118 

116 

115 

113 

111 

110 

104 

98 

92 


88 

83 

79 

75 

71 

68 

65 

62 

60 

56 

53 

50 

48 

45 

43 

41 

38 

35 

34 

30 

27 

23 

20 

17 


i  =  44 


145 

118 

94 

72 

52 

38 

25 

161 

93 

50 

260 

134 

69 

34 

169 

80 

40 

188 

93 

46 

249 

122 

59 

29 

138 


12  66 
12.43 
12  20 

11.98 
11  77 

11.56 

11.36 

11.17 

10.98 
10  80 

10.63 
9.84 
9  13 
8.50 

7.96 
7.47 
7.02 
6.61 

6.23 
5.88 
5.55 
5  25 

4.96 

4.67 
4  41 
4  15 
3.91 
3  68 

3.46 
3.25 
3.04 
2  84 
2.66 

2.32 
2  02 
1.73 

1.47 
1  23 

1.01 

0.809 

0.628 

0.467 

0.331 

0.226 
0  145 
0  0863 
0  0474 
0.0247 

0.0125 
0  00633 
0.00315 
0.00157 
0  000764 

0.000368 
0  000181 
0  0*859 
0  0*423 
0.0*207 

0  0*105 
0  0*522 
0.0*258 
0.0*132 

0  0*709 


23 

23 

22 

21 

21 

20 

19 

19 

18 

17 

79 

71 

63 

54 

49 

45 

41 

38 

35 

33 
30 
29 

29 

26 

20 

24 

23 
22 

21 

21 

20 

18 

34 

30 
29 
26 

24 
22 


A, 


i  =  46 


130  13.96 
128  13.71 


201 

181 

161 

136 

105 

81 

587 

389 

227 

122 

617 

318 

158 

sue. 

396 

187 

951 

436 

216 

102 


528 

264 

126 

611 


126 

124 

122 

120 

119 

117 

116 

115 

113 

106 

100 

95 

90 

85 

82 

78 

75 

71 

68 

64 

62 

59 

55 

53 

50 

47 

45 

42 

39 

37 

35 

32 

28 

24 

21 

18 


15 
127 
102 

78 

56 

40 
28 

177 

106 

58 

30 

16 
80 

41 
200 

95 

47 

221 

112 

56 

29 

146 

70 

33 

158 


13  46 
13.22 
12.99 

12.76 
12.55 
12.34 
12.14 
11.95 

11.76 
10  90 
10.13 

9.45 

8.86 

8.32 

7.84 

7.39 

6.98 

6.59 

6.23 

5.89 

5.58 

5.26 

4.96 

4.68 
4  41 

4.15 

3.91 
3  67 
3.43 
3.21 
3.01 

2.64 

2.30 

1.97 

1.68 
1.41 

1.16 
0.936 
0.730 
0.545 
0  387 

0.266 
0  173 
0  104 
0.0580 
0  0305 

0  0155 
0  00789 
0.00395 
0  00198 
0  000964 

0.000463 
0  000228 
0  000108 
0  0*535 
0  0*263 

0.0*134 

0.0*668 

0.0*328 

0.0*165 

0.0*867 


25 

25 

24 

23 

23 

21 

21 

20 

19 

19 

86 

77 

68 

59 

54 

48 

45 

41 

39 

36 
34 

31 

32 

30 

28 

27 

26 

24 

24 

24 
22 
20 

37 

34 

33 
29 
27 

25 


A, 


224 

206 

185 

158 

121 

93 

69 

460 

275 

150 

761 

394 

197 

1016 

501 

235 

120 

545 

272 

129 

672 

340 

163 

783 


132 

130 

128 

126 

124 

123 

120 

119 

117 

116 

115 

109 

103 

97 

92 

88 

84 

80 

76 

73 

70 

67 

63 

60 

58 

54 

51 

49 

46 

43 
41 
39 
37 

32 

29 
26 
22 

19 

16 

134 

109 

83 

61 

44 

30 

20 
118 

66 


35 

182 

93 

46 

226 

112 

55 

27 

133 

66 

35 

172 
81 
39 

173 


526 


STERILIZATION  IN  FOOD  TECHNOLOGY 


Table  15.2.  Value  of  Function  Ph  ( Continued ) 


9 

i  =  48 

0  10 

48  52 

0  11 

47 . 68 

0  12 

46  88 

0  13 

46.11 

0.14 

45.38 

0.15 

44.69 

0.16 

44  02 

0  17 

43  40 

0  18 

42  80 

0  19 

42  22 

0  20 

41  67 

0.21 

41.13 

0.22 

40  62 

0.23 

40  13 

0.24 

39.65 

0.25 

39.19 

0.26 

38.75 

0.27 

38.32 

0.28 

37.91 

0.29 

37.50 

0.30 

37.13 

0.31 

36  77 

0.32 

36.42 

0.33 

36.08 

0.34 

35.75 

0.35 

35.42 

0  375 

34.69 

0.40 

33.99 

0.425 

33.32 

0.45 

32.70 

0.475 

32.11 

0.50 

31.56 

0.525 

31  04 

0  55 

30.54 

0  575 

30.08 

0.60 

29.64 

0  65 

28.83 

0  70 

28.09 

0.75 

27.41 

0.80 

26.79 

0.85 

26.21 

0.90 

25.66 

0.95 

26.16 

1.00 

24  68 

1.1 

23  87 

1.2 

23.14 

1.3 

22.46 

1.4 

21  83 

15 

21.24 

1  6 

20  69 

1.7 

20.17 

1.8 

19  68 

1.9 

19  22 

2.0 

18.78 

2.1 

18.35 

2.2 

17.96 

2.3 

17.57 

2.4 

17.20 

2.5 

16.84 

2.6 

16.50 

2.7 

16.18 

2.8 

15.87 

2.9 

15.57 
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Table  15.2.  Value  of  Function  Pa  ( Continued ) 


0 

<M 

II 

A0 

A. 

i  =  74 

A0 

A, 

=  76 

Aff 

A, 

i  =  78 

Ag 

A, 

t  =  80 

Ag 

3.0 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

4.0 

4.5 
5.0 

5.5 

6.0 

6.5 
7.0 

7.5 

8.0 

8.5 
9.0 

9.5 
10.0 

10.5 
11.0 

11.5 
12  0 

12.5 

13.0 

13.5 
14.0 

14.5 
15.0 

16.0 

17  0 
18.0 

19  0 
20.0 

21  0 
22.0 
23.0 
24.0 
25.0 

26.0 

27.0 

28.0 

29.0 

30.0 

31.0 

32  0 
33.0 
34.0 
35.0 

36  0 
37.0 
38.0 

39  0 
10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

30.24 
29.77 

29.32 
28.88 

28.46 

28.05 

27.65 

27.27 

26  89 
26.53 

26.18 

24.57 
23.14 
21.82 

20.64 

19.56 

18.58 

17.65 

16.80 

16.01 

15.25 

14  54 

13.86 

13  20 

12.56 

11.94 

11  36 

10  80 

10  26 

9.73 

9  20 

8.71 

8.24 

7.37 

6.55 

5.76 

5.03 

4.32 

3.66 

3.04 

2.46 

1.93 

1.45 

1.04 

0  719 

0.466 

0.286 

0.167 

0.0898 

0.0476 

0.0246 

0.0124 

0.00616 

0.00305 

0.00154 

0.000742 

0.000371 

0.000185 

0.04917 

0.0M53 

0.04218 

0.04104 

0.0*453 

41 
4E 
44 

42 
41 

40 

38 

38 

36 

35 

161 

143 

132 

118 

108 

98 

93 

85 

79 

76 

71 

68 

66 

64 

62 

58 

56 

54 

53 

53 

49 

47 
87 

82 

79 

73 

71 

66 

62 

58 

53 

48 

41 

321 

253 

180 

119 

772 

422 

230 

122 

624 

311 

151 

798 

371 

186 

933 

464 

2.35 

114 

587 

10- 

ior 

10 

10C 

9S 

98 

97 

95 

95 

94 

93 

89 

84 

81 

77 

74 

70 

68 

65 

62 

60 

58 

56 

54 

52 

51 

49 

47 

46 

44 

43 

41 

40 

36 
33 
30 
26 

24 

20 

17 
14 
12 

9 

7 

49 

33 
22 
13 

71 

38 

20 

10 

50 

25 
13 
64 
32 
16 

77 

37 

18 

8 

34 

31.28 
30.80 

30.33 

29.88 

29.45 

29.03 

28.62 

28.22 

27.84 
27.47 

27.11 

25.46 
23.98 

22.63 

21.41 

20.30 

19.28 

18.33 

17.45 

16.63 

15.85 

15.12 

14.42 

13.74 

13.08 

12  45 

11  85 

11.27 

10.72 

10.17 

9.63 

9.12 

8.64 

7.73 

6.88 

6  06 

5.29 

4.56 

3.86 

3.21 

2.60 

2.05 

1.54 

1.11 

0.768 

0.499 

0  308 
0.180 

0.0969 

0  0514 

0  0266 
0.0134 
0.00666 

0.00330 

0.00167 

0  000806 
0.000103 

0  000201 

0.04994 

0  04490 
0.04236 
0.041 12 
0.0*487 

48 

47 

45 

43 

42 

41 

40 

38 

37 

36 

165 

148 

135 

122 

111 

102 

95 

88 

82 

78 

73 

70 

68 

66 

63 

60 

58 

55 

55 

54 
51 
48 
91 

85 

82 

77 

73 

70 

65 

61 

55 
51 
43 

342 

269 

191 

128 

831 

455 

248 

132 

674 

336 

163 

864 

40.3 

202 

1016 

504 

254 

124 

633 

101 

9C 

98 

97 

9G 

95 

94 

93 

92 

91 

90 

85 

81 

78 

74 

71 

68 

65 

63 

60 

58 

56 

54 

52 

51 

49 

48 

47 

45 

44 

42 

41 

39 

36 

33 

30 

27 

23 

20 

17 

15 
11 
10 

7 

48 

33 
21 
13 

71 

38 

20 

10 

50 

26 

13 

64 

32 

16 

76 

38 

18 

9 

34 

32.28 

31.79 

31.31 
30.85 

30.41 

29.98 

29  56 

29.15 
28.76 

28.38 

28.01 

26.31 

24.79 

23.41 

22.15 

21.01 

19.96 

18.98 

18.08 

17.23 

16.43 

15.68 

14.96 

14  26 

13.59 

12  94 

12  33 

11.74 

11.17 

10.81 

10  05 

9.53 

9  03 

8.09 

7.21 

6.36 

5.56 

4.79 

4.06 

3.38 

2.75 

2.16 

1.64 

1.18 

0  816 
0.532 

0  329 

0  193 

0.104 

0  0552 

0  0286 

0  0144 
0.00716 

0.00356 

0.00180 

0.000870 

0  000435 
0.000217 

0.000107 

0  0  '52.8 
0.04254 

0 . 04 1 21 
0.0*521 

4£ 

48 

46 

44 

43 

42 

41 

39 

38 

37 

170 

152 

138 

126 

114 

105 

98 

90 

85 

80 

75 

72 
70 

67 
65 
61 
59 
57 

56 

56 

52 

50 

94 

88 

85 

80 

77 

73 

68 
63 
59 
52 
46 

364 

284 

203 

136 

89 

488 

266 

142 

724 

360 

176 

930 

435 

218 

110 

542 

274 

133 

689 

96 

95 

94 

93 

92 

90 

90 

89 

88 

87 

86 

81 

78 

74 

71 

68 

65 

63 

60 

58 

55 

53 

52 

50 

49 

48 

47 
45 

44 

42 

42 

40 

38 

35 

32 
30 
26 
23 

20 

17 

14 

12 

9 

7 

48 

33 

21 

12 

7 

38 

19 

10 

50 

26 

14 

65 

32 

16 

8 

38 

18 

9 

34 

33.24 
32.74 

32.25 
31.78 
31.33 

30.88 

30.46 

30.04 

29.64 

29.25 

28.87 

27.12 

25.57 

24.15 

22.86 

21  09 

20.61 

19.61 

18.68 

17.81 

16.98 

16.21 

15.48 

14.76 

14.08 

13.42 

12.80 

12.19 

11.61 

11.03 

10  47 

9.93 

9.41 

8.44 

7.53 

6.66 

5.82 

5.02 

4.26 

3.55 

2.89 

2.28 

1.73 

1.25 

0.864 

0.565 

0.350 

0.205 

0.111 

0.0590 

0.0305 

0  0154 
0.00766 

0.00382 

0.00194 

0  000935 

0  000167 

0  000233 

0.000115 

0.04566 

0. 04272 

0. 04130 
0.0*555 

50 

49 

47 

45 

45 

42 

42 

40 

39 

38 

175 

155 

142 

129 

117 

108 

100 

93 

87 

83 
77 
73 
72 

68 

66 

62 

61 

58 

58 

56 

54 
52 
97 

91 

87 

84 
80 
76 

71 

66 

61 

55 
48 

386 

299 

215 

145 

94 

520 

285 

151 

774 

384 

188 

1005 

468 

234 

118 

584 

294 

142 

745 

91 

90 

89 

88 

87 

87 

85 

85 

83 

82 

81 

78 

75 

71 

68 

65 

63 

60 

57 

55 

54 

51 

49 

48 

47 

47 
45 
44 

43 

42 

41 

39 

38 

35 

32 

29 

26 

23 

20 

17 

14 

11 

9 

6 

48 

32 

20 

13 

7 

38 

20 

10 

49 

25 

13 

64 

33 

16 

8 

38 

18 

8 

35 

34.15 

33.64 

33.14 

32.66 

32.20 

31.75 

31.31 

30.89 
30.47 
30.07 

29.68 

27.90 

26.32 
24.86 

23.54 
22.34 

21.24 

20.21 

19.25 
18.36 
17.52 

16.72 
15.97 

15.24 

14.55 
13.89 

13.25 
12.63 

12.04 

11.45 

10.88 

10.32 

9.79 

8.79 

7.85 

6.95 

6.08 

5.25 

4.46 

3.72 

3.03 

2.39 

1.82 

1.31 

0.912 

0.597 

0.370 

0.218 

0.118 

0.0628 

0.0325 

0.0164 

0.00815 

0.00407 

0.00207 

0.000999 

0.000500 

0  000249 

0.000123 

0  04601 

0  04290 

0  04138 
0.0*590  | 

51 

50 

48 

46 

45 

44 

42 

42 

40 

39 

178 

158 

146 

132 

120 

110 

103 

96 

89 
84 
80 
75 

73 

69 

66 

64 

62 

59 

59 

57 

56 
53 

100 

94 

90 
87 
83 

79 

74 

69 

64 

57 

51 

398 

315 

227 

152 

100 

552 

303 

161 

825 

408 

200 

1061 

499 

251 

126 

626 

314 

152 

790 
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Table  15.3.  Value  of  Function  Pc 
*i  =  125 


a 

i 

=  26 

Ag 

A, 

t 

=  27 

0 

10 

1 

17 

14 

1 

31 

0 

25 

1 

15 

14 

1 

29 

0 

50 

1 

12 

14 

1 

26 

0 

75 

1 

09 

14 

1 

23 

l 

00 

1 

06 

5 

14 

1 

20 

l 

5 

1 

01 

13 

1 

14 

2 

0 

0 

970 

120 

1 

09 

2 

5 

0 

926 

114 

1 

04 

3 

0 

0 

883 

110 

0 

993 

3 

5 

0 

841 

35 

107 

0 

948 

4 

0 

0 

806 

**7 

101 

0 

907 

4 

5 

0 

769 

7  A 

97 

0 

866 

5 

0 

0 

733 

94 

0 

827 

5 

5 

0 

699 

90 

0 

789 

6 

0 

0 

667 

Q  1 

86 

0 

753 

6 

5 

0 

636 

30 

82 

0 

718 

7 

0 

0 

606 

79 

0 

685 

7 

5 

0 

577 

OQ 

76 

0 

653 

8 

0 

0 

549 

O  A 

74 

0 

623 

8 

5 

0 

523 

0.1 

72 

0 

595 

9 

0 

0 

499 

70 

0 

569 

9 

5 

0 

476 

22 

69 

0 

545 

10 

0 

0 

454 

67 

0 

521 

11 

0 

0 

411 

62 

0 

473 

12 

0 

0 

372 

57 

0 

429 

13 

0 

0 

337 

71 

52 

0 

389 

14 

0 

0 

306 

28 

48 

0 

354 

15 

0 

0 

278 

44 

0 

322 

16 

0 

0 

253 

—  ’) 

41 

0 

294 

17 

0 

0 

230 

38 

0 

268 

18 

0 

0 

208 

36 

0 

244 

19 

0 

0 

189 

18 

32 

0 

221 

20 

0 

0 

171 

30 

0 

201 

21 

0 

0 

156 

IO 

27 

0 

183 

22 

0 

0 

142 

25 

0 

167 

23 

0 

0 

129 

23 

0 

152 

24 

0 

0 

1 17 

11 

21 

0 

138 

25 

0 

0 

106 

20 

0 

126 

26 

0 

0 

0963 

177 

0 

114 

27 

0 

0 

0873 

167 

0 

104 

28 

0 

0 

0791 

154 

0 

0945 

29 

0 

0 

0717 

67 

144 

0 

0861 

30 

0 

0 

0650 

133 

0 

0783 

31 

0 

0 

0589 

121 

0 

0710 

32 

0 

0 

0533 

110 

0 

0643 

33 

0 

0 

0481 

100 

0 

0581 

34 

0 

0 

0434 

43 

91 

0 

0525 

35 

0 

0 

0391 

82 

0 

0473 

36 

0 

0 

0351 

75 

0 

0426 

37 

0 

0 

0315 

oO 

68 

0 

0383 

38 

0 

0 

0283 

61 

0 

0344 

39 

0 

0 

0254 

25 

55 

0 

0309 

40 

0 

0 

0229 

50 

0 

0279 

41 

0 

0 

0207 

47 

0 

0254 

42 

0 

0 

0188 

44 

0 

0232 

43 

0 

0 

0171 

42 

0 

0213 

44 

0 

0 

0157 

12 

39 

0 

0196 

45 

0 

0 

0145 

36 

0 

0181 

46 

0 

0 

0134 

34 

0 

0168 

47 

0 

0 

0124 

33 

0 

0157 

48 

0 

0 

01 15 

32 

<> 

0147 

49 

0 

0 

0106 

31 

0 

0137 

50 

0 

0 

0097 

31 

0 

0128 

2 

3 

3 

3 

6 

5 

5 

47 
45 
41 

41 

39 

38 
36 
35 
33 

32 

30 

28 

26 

24 

24 

48 
44 

40 
35 
32 

28 

26 

24 
23 
20 

18 

16 

15 

I  I 
12 

12 

10 

95 

84 

78 

73 

67 

62 

56 

52 

47 

43 

39 
35 
30 

25 
22 

19 

17 

15 

13 

II 
10 
10 

9 


A, 

X 

=  28 

Ag 

A, 

i 

=  29 

14 

1 

45 

14 

i 

59 

14 

1 

43 

14 

i 

57 

13 

1 

39 

14 

i 

53 

13 

1 

36 

14 

i 

50 

13 

1 

33 

6 

14 

i 

47 

13 

1 

27 

14 

i 

41 

12 

1 

21 

14 

i 

35 

12 

1 

16 

13 

i 

29 

117 

1 

1 1 

12 

i 

23 

112 

1 

06 

5 

12 

i 

18 

103 

1 

01 

12 

i 

13 

100 

0 

966 

114 

i 

08 

97 

0 

924 

106 

i 

03 

94 

0 

883 

100 

0 

983 

91 

0 

844 

96 

0 

940 

88 

0 

806 

36 

93 

0 

899 

85 

0 

770 

91 

0 

861 

83 

0 

736 

89 

0 

825 

81 

0 

704 

Ou 

86 

0 

790 

79 

0 

674 

83 

0 

757 

77 

0 

646 

80 

0 

726 

74 

0 

619 

27 

77 

0 

696 

71 

0 

592 

75 

0 

607 

66 

0 

539 

Oo 

71 

0 

610 

62 

0 

491 

07 

0 

558 

59 

0 

448 

63 

0 

511 

55 

0 

409 

30 

59 

0 

468 

51 

0 

373 

55 

0 

428 

46 

0 

340 

51 

0 

391 

42 

0 

310 

47 

0 

357 

38 

0 

282 

43 

0 

325 

36 

0 

257 

23 

39 

0 

296 

33 

0 

234 

36 

0 

270 

30 

0 

213 

33 

0 

246 

27 

0 

194 

30 

0 

224 

25 

0 

177 

27 

0 

204 

24 

0 

162 

14 

24 

0 

180 

22 

0 

148 

21 

0 

169 

21 

0 

135 

19 

0 

154 

19 

0 

123 

18 

0 

141 

175 

0 

112 

17 

0 

129 

159 

0 

102 

9 

17 

0 

1 19 

147 

0 

0930 

100 

0 

109 

134 

0 

0844 

oU 

146 

0 

0990 

122 

0 

0765 

131 

0 

0896 

111 

0 

0692 

117 

0 

0S09 

100 

0 

0625 

62 

104 

0 

0729 

90 

0 

0563 

93 

0 

0656 

80 

0 

0500 

85 

0 

0591 

71 

0 

0454 

78 

0 

0532 

64 

0 

0408 

71 

0 

0479 

59 

0 

0368 

34 

06 

0 

0434 

55 

0 

0334 

02 

0 

0390 

51 

0 

0305 

59 

0 

0364 

48 

0 

0280 

56 

0 

0336 

46 

0 

0259 

53 

0 

0312 

44 

0 

0240 

17 

52 

0 

0292 

42 

0 

0223 

51 

0 

0274 

41 

0 

0209 

49 

0 

0258 

39 

0 

0196 

48 

0 

0244 

38 

0 

0185 

47 

0 

0232 

38 

0 

0175 

46 

0 

0221 

38 

0 

0160 

45 

0 

0211 

2 

4 
3 
3 
6 

6 

6 

6 

5 
5 

5 

5 

47 

43 

41 

38 

36 
35 

33 

31 
30 
29 

57 

52 
47 
43 
40 

37 

34 

32 
29 
26 

24 

22 

20 

18 

17 

15 

13 
12 
10 
10 

100 

94 

87 

80 

73 

65 

59 

53 
45 

38 

32 

28 

24 

20 

18 

16 

14 
12 
11 
10 


A, 


15 

15 

15 

14 

14 

13 

13 

13 

13 

12 

12 

12 

12 

117 

110 

101 

98 

95 

92 

88 

84 

81 

79 

76 

71 

65 

60 

56 

52 
48 
45 
42 

39 

36 

34 

32 

31 

30 

28 

25 

23 

20 

18 
160 
I  I  I 
131 
116 

103 

91 

83 

78 

74 

71 

68 

65 

62 

58 

55 

54 

53 
52 
52 
52 


t  =  30 


1.74 

1.72 

1.68 

1.64 

1.61 

1.54 

1.48 

1.42 

1.36 

1.30 

1.25 
1.20 
1.15 
1 . 10 
1.05 
1.00 

0.959 

0.920 

0.882 

0.845 

0.810 

0.777 

0.746 

0.686 

0.629 

0.576 

0.528 

0.484 

0.443 

0.405 

0.370 

0.338 


309 

282 

258 

236 

217 

199 

182 

166 

152 

139 

127 

115 

104 

0940 

0845 

0759 

0682 

0615 

0557 

0508 

0467 

0432 

0401 

0374 

0350 

0329 

0312 

0297 

0284 

0273 

0263 


2 

4 

4 
3 
7 

6 

6 

6 

6 

5 

5 

5 

5 

5 

5 

41 

39 

38 

37 
35 
33 

31 

60 

57 
53 

48 
44 

41 

38 
35 

32 
29 

27 

24 

22 

19 

18 

17 

16 

14 
13 
12 

12 

11 

100 

95 

86 

77 

67 

58 

49 
41 

35 

31 

27 

24 

21 

17 

15 
13 
1 1 
10 


A; 

X 

=  31 

15 

1 

89 

15 

1 

87 

15 

1 

83 

15 

1 

79 

14 

1 

75 

14 

1 

68 

13 

1 

61 

13 

1 

55 

13 

1 

49 

13 

1 

43 

12 

1 

37 

12 

1 

32 

12 

1 

27 

12 

1 

22 

12 

1 

17 

12 

1 

12 

111 

1 

07 

100 

1 

02 

94 

0 

970 

91 

0 

936 

89 

0 

899 

87 

0 

804 

84 

0 

830 

80 

0 

766 

76 

0 

705 

72 

0 

648 

08 

0 

596 

63 

0 

547 

58 

0 

501 

54 

0 

459 

50 

0 

420 

46 

0 

384 

42 

0 

351 

40 

0 

322 

38 

0 

296 

30 

0 

272 

33 

0 

250 

31 

0 

230 

29 

0 

211 

27 

0 

193 

25 

0 

177 

23 

0 

162 

21 

0 

148 

19 

0 

134 

17 

0 

121 

150 

0 

109 

135 

0 

0980 

121 

0 

0880 

109 

0 

0791 

99 

0 

0714 

91 

0 

0648 

85 

0 

0593 

82 

0 

0549 

79 

0 

0511 

70 

0 

0477 

72 

0 

0440 

69 

0 

0419 

67 

0 

0396 

64 

0 

0376 

62 

0 

0359 

61 

0 

0345 

60 

0 

0333 

60 

0 

0323 

2 

4 

4 

4 
7 

7 

6 

6 

6 

6 

5 
5 
5 
5 
5 
5 

5 

44 

40 

37 

35 
34 

64 

61 

57 

52 

49 

46 

42 

39 

36 

33 

29 

26 

24 

22 

20 

19 
18 
16 
15 
14 

14 

13 
12 

110 

100 

89 

77 

66 

55 

44 

38 

34 
31 
27 
23 

20 
17 

14 
12 
10 


A  i 


16 

16 

15 

15 

15 

15 

15 

14 

13 

13 

13 

12 

11 

11 

11 

11 

11 

11 

104 

94 

91 

90 

89 
84 
79 

74 
68 

63 

59 

55 

51 

48 

45 

43 

41 

40 

39 

37 

35 

33 

30 

27 

24 

22 

20 

19 

170 

150 

139 

128 

119 

111 

103 

98 

94 

90 
86 

82 

78 

75 
72 
70 
69 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 
\J/\  =  125 


o.io 
0.25 
0.50 
0.75 
1.00 

1.5 

2.0 

2.5 
3.0 

3.5 

4.0 

4.5 
5.0 

5.5 
0.0 

6.5 

7.0 

7.5 
8.0 

8.5 
9.0 

9.5 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

20.0 

21.0 

22.0 

23.0 

24.0 

25.0 

26.0 

27.0 

28.0 

29.0 

30.0 

31.0 

32.0 

33.0 

34.0 

35.0 

36.0 

37.0 

38.0 

39.0 

40.0 

41.0 

42.0 

43.0 

44.0 

45.0 

46.0 

47.0 

48.0 

49.0 

50.0 


=  32 


2.05 

2.03 

1.98 

1.94 

1.90 

1.83 

1.76 

1.69 

1.62 

1.56 

1.50 

1.44 

1.38 

1.33 

1.28 

1.23 

1.18 

1.13 

1.08 

1.03 

0.990 

0.954 

0.919 

0.850 

0.784 

0.722 

0.664 

0.610 

0.560 

0.514 

0.471 

0.432 


2 

4 

4 

4 
7 

7 

7 

7 

6 

6 

6 

6 

5 
5 
5 
5 


16 

16 

16 

15 

15 

14 
14 
14 
1  1 
13 


0.396 

0.365 

0.337 

0.312 

0.289 

0.267 
0.246 
0.226 
0.207 
0.  189 

0.172 

0.156 

0.141 

0.128 

0.115 

0. 103 
0.0930 
0.0842 
0.0767 
0 . 0704 

0.0652 
0.0609 
0.0571 
0 . 0536 
0.0505 

0.0478 
0 . 0454 
0.0434 
0.0417 
0.0403 
0.0392 


5 

5 

5 

40 

36 

35 

69 

66 

62 

58 

54 

50 

46 

43 

39 

36 

31 

28 

25 

23 

22 


21 

20 

19 

18 

17 

16 

15 

13 

13 

12 


13 

13 

13 

12 

11 

11  1 


=  33 


2.21 
2. 19 
14 
2.09 
2.05 

1.97 

1.90 

1.83 

1.76 

1.69 


11 

11 

11 

11 

100 

96 

91 

85 


1.63 

1.57 

1.51 

1.45 

1.39 

34 


75 

70 


65  0 
61 
57 


54 

51 

49 

47 

45 

42 

40 


100 

88 

75 

63 

52 

43 

38 

35 

31 

27 

24 

20 

17 

14 

11 


38 

36 

34 


675 
0.621 
0.571 
0.525 
0.483 


0.445 

0.412 

0.382 

0.354 

0.329 


0.305 
0.282 
0.260 
32  0.239 
30  0.219 


28 

25 

23 

20 

19 


18 

170 

158 

147 

136 

126 

119 

111 

105 

100 

95 

90 

86 

83 

80 

78 


0.200 
0.  181 
0.164 
0.148 
0.  134 

0. 121 
0.110 
0.1000 
0.0914 
0.0840 

0.0778 
0.0728 
0 . 0682 
0.0641 
0.0605 

0.0573 

0.0544 

0.0520 

0.0500 

0.0483 

0.0470 


1.29 
1.24 
1.19 
1.14 
1.09 
1.05 

1.01 
0.935 
80  0.864 


0.797 

0.734 


2 

5 

5 

4 
8 

7 

7 

7 

7 

6 

6 

6 

6 

6 

5 
5 

5 

5 

5 

5 

4 

4 


=  34 


16  2.37 
15  2.34 
15  2.29 
1 5  2  2  1 
15  2.20 


75 

71 

67 

03 

59 

54 

50 

46 

42 

38 

33 

30 

28 

25 

24 

23 

22 

21 

20 

19 

19 

17 

16 

14 

13 

11 

10 

80 

74 

62 


15 

14 

14 

14 

14 

13 

12 

12 

12 

12 

11 

11 
11 
11 
11 
1  1 
10 


10 

95 

89 


1.11 
1.03 
0.953 
83  0 . 880 
78  0.812 


74  0.749 
69  0.690 


64 

60 

57 

54 

50 

46 

43 

40 

38 

36 

34 

33 

32 

31 

30 

28 

26 

24 


0.635 

0.585 

0.540 

0.499 

0.462 

0.428 

0.397 

0.369 

0.343 

0.318 

0.294 

0.272 

0.251 

0.231 

0.211 

0.192 

0.174 

0.158 


50 

46 

41 

36 

32 

29 

24 

20 

17 

13 


22  0.143 
20  0. 130 
0.118 
0.  108 
0.  100 


180 

166 

160 


152 

142 

134 

125 

115 


107 

101 

95 

91 


0 . 0930 
0.0870 
0.0816 
0.0760 
0.0720 


0.0680 
0.0045 
0.0615 
0.0591 
8910.0572 
88  0.0558 


2.12 

2.04 

1.97 

1.90 

1.83 

1.76 

1.69 

1.63 

1.57 

1.51 

1.45 

1.40 

1.35 

1.30 

1.25 

1.20 

1.15 


3 
5 

5 

4 
8 

8 
7 
7 
7 
7 

7 

6 
6 
6 
6 

5 

5 

5 

5 

5 

5 

4 

8 
77 
73 
68 
63 

59 

55 

50 

45 

41 

37 

34 

31 

28 

26 

25 

24 

22 

21 

20 


A,- 


35 


17  2.54 
17  2.51 
2.46 
2.41 
2 . 36 


16 

16 

15 

14 

14 


14 

13 

12 

12 

12 

11 

10 

10 

10 

10 

10 

10 

9 

77 

72 

68 

66 

65 

64 

62 

60 


14  1.90 


20 

19 

18 

16 

15 

13 
12 
10 

8 

70 

60 

54 

50 

40 

40 

35 

30 

24 

19 

14 


58 

56 

53 

51 

48 

45 

43 

41 

38 

36 

33 

30 

28 

27 

25 

23 

21 

20 

19 

18 


170 

160 

148 

138 


1.83 

1.76 

1.69 

1.63 

1.57 

1.51 
1  .45 
1.40 
1.35 
1.30 
1.25 

1.21 

1.12 

1.03 

0.952 

0.880 

0.815 

0.755 

0.699 

0.647 

0.600 

0.557 

0.518 

0.481 

0.448 

0.417 

0.388 

0.361 

0.335 

0.310 

0.287 

0.264 

0.241 

0.220 

0.201 

0.183 

0.166 
0.  151 
0.138 
0.  127 
0.118 


0.110 
0.  103 
0 . 0964 
0.0904 
130  0.0850 


A„ 


2.28 

2.20 

2.12 

2.04 

1.97 


3 

5 

5 

5 
8 

8 

8 

8 

7 

7 

7 

7 

7 

6 
6 
6 

6 

5 

5 

5 

5 

4 

9 

9 

78 

72 

65 

60 

56 

52 

47 

43 

39 

37 

33 

31 

29 

27 

26 

25 

23 

23 


Ai 


17 

17 

10 


=  36 


2.71 

2.68 

2.62 


15 

15 

15 

15 

14 

14 

14 

14 

14 

13 

13 

13 
13 
12 
1  1 
1 1 


11  1.36 


10 


78 

73 

70 

68 

60 

65 

63 

62 

60 

59 


54 


1.31 
1.21 
1.12 
1 .03 
0.953 

0.885 
0.823 
0.705 
0.712 
0.663 

0.619 
0.578 
0.540 
56  0.504 


0.471 


1 23  0 . 0803 
117  0.0762 
1  12  0.0727 
107  0.0698 
103  0.0675 
100  0.0658 


23 

21 

19 

18 

17 

15 

13 

11 

9 

8 

7 

66 

60 

54 

47 

41 

35 

29 

23 

17 


52  0.440 
49  0.410 
0.381 
0.353 
0.326 


36 

33 

30 

27 

9.-, 


0.300 

0.274 

0.250 

0.228 

0.208 


24  0. 190 


20 

18 

166 

150 

140 

137 

129 

123 

118 

114 

111 


0.  174 
0.  160 
0. 149 
0.  139 

0. 130 
0.121 
0.113 
0.106 
0.0996 

0.0940 

0.0891 

0.0850 

0.0816 

0.0789 

0.0769 


Ao 


16  2.57 
16  2.52 


2.43 

2.35 

2.27 

2.19 

2.11 

2.04 

1.97 

1.90 

1.83 

1.76 

1.70 

1.64 

1.58 

1.52 

1.46 

1.41 


3 
6 
5 

5 
9 

8 
8 
8 
8 
7 

7 
7 
7 
7 

6 
6 

6 

6 

6 

5 

5 

5 

10 

9 

9 

77 

68 

62 

58 

53 

49 

44 

41 

38 

36 

33 

31 

30 

29 

28 

27 

26 

20 

24 

22 

20 

18 


17 

17 

17 

16 

10 


=  37 


2.88 

2.85 

2.79 

2.73 

2.68 


16  2 


15 

15 

15 

15 

14 

13 

13 

13 

13 

12 

12 

12 

12 

12 

11 

11 

11 

11 

10 

10 

97 


.59 

2.50 

2.42 

2.34 

2.26 


2.  18 
2.  10 
03 
96 
1.89 
1.82 


1.76 

1.70 

1.64 

1.58 

1.52 

1.47 

1.42 

1.32 

1.22 

1.13 

1.05 


0 . 970 
0.899 
0.836 
69  0.781 
68  0.731 


66 

64 

61 

58 

54 


0.685 

0.042 

0.601 

0.562 

0.525 


50  0.490 
47  0.457 


16 

14 

11 

10 

9 

9 

8 

7 

64 

56 

49 

41 

34 

27 

20 


44 

42 

40 

38 

30 
34 
33 
32 

31 
30 
29 
27 
25 

23 

22 

20 

18 

164 

150 

139 


0.425 
0.395 
0.366 

0.338 
0.310 
0.284 
0.261 
0.240 

0.221 
0.204 
0.  189 
0.  176 
0.  164 

0.  153 
0.  143 
0. 133 
0.124 
0.116 

0.109 
0.  103 
134  0.0984 


A» 


A, 


3 

6 

6 

5 
9 

9 

8 

8 

8 

8 

8 

7 

7 

7 

7 

6 

6 

6 

6 

6 

5 

5 

10 

10 

9 

8 
8 


129 

125 

122 


0.0945 

0.0914 

0.0891 


71 

63 

55 

50 

46 

43 

41 

39 

37 

35 

33 

32 

30 

29 

28 

28 

20 

23 

21 

19 

17 

15 

13 

12 

11 

10 

10 

9 

8 

7 

6 

40 

39 

31 

23 


17 
17 
17 
17 
17 

16 
16 
15 
14 
14 

14 
14 
14 
14 
14 
14 

13 

13 

13 

13 

13 

12 

11 

10 

10 

10 

9 

90 

81 

78 

75 

72 

70 

67 

65 

62 

59 

56 

53 

50 

47 

44 

41 

39 

38 

36 

35 

34 

33 

31 

29 

27 

26 

24 

23 

22 

21 


19 

18 

166 

155 

146 

139 
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0. 10 
0.25 
0.50 
0.75 
1.00 

1.5 
2.0 

2.5 
3.0 

3.5 

4.0 

4.5 
5.0 

5.5 
6.0 

6.5 

7.0 

7.5 

8.0 

8.5 
9.0 

9.5 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

20.0 

21.0 

22.0 

23.0 

24.0 

25.0 

26.0 

27.0 

28.0 

29.0 

30.0 

31.0 

32.0 

33.0 

34.0 

35.0 

36.0 

37.0 

38.0 

39.0 

40.0 

41.0 

42.0 

43.0 

44.0 

45.0 

46.0 

47.0 

48.0 

49.0 

50.0 
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3.05 

3.02 

2.96 
2 . 90 
2.85 

2.75 

2.66 

2.57 

2.48 

2.40 

2.32 
2.24 
2. 17 
2.10 
2.03 

1.96 

1.89 

1.83 

1.77 

1.71 

1.65 

1.59 

1.53 

1.42 

1.32 
1.23 
1.14 

1.06 

0.980 

0.914 

0.856 

0.803 

0.755 

0.709 

0.666 

0.624 

0.584 

0.546 
0.510 
0.475 
0 . 442 
0.410 

0.379 
0.349 
0.322 
0.297 
0 . 275 

0.255 
0.237 
0.220 
0 . 205 
0.191 

0.179 
0.167 
0.156 
0. 146 
0.137 

0.128 
0.121 
0.115 
0.110 
0.  106 
0.103 


3 

6 

6 

5 
10 

9 

9 

9 
8 
8 

8 

7 

7 

7 

7 

7 

6 
6 
6 
6 
6 
6 

11 

10 
9 

9 

8 

8 

66 

58 

53 

48 

46 

43 

42 

40 

38 

36 

35 

33 

32 

31 

30 

27 

25 

22 

20 

18 

17 

15 

14 

12 

12 
I  I 

10 
9 
9 

7 

6 

5 


Ai 

= 

39 

Ag 

Ai 

= 

40 

Ai 

= 

42 

17 

3. 

22 

17 

3. 

39 

35 

3. 

74 

17 

3. 

19 

17 

3. 

36 

35 

3. 

71 

17 

3. 

13 

17 

3. 

30 

35 

3. 

65 

17 

3. 

07 

17 

3. 

24 

35 

3. 

59 

17 

3. 

02 

10 

17 

3. 

19 

10 

35 

3. 

54 

17 

2. 

92 

17 

3. 

09 

34 

3. 

43 

16 

2. 

82 

17 

2. 

99 

34 

3. 

33 

16 

2. 

73 

16 

2. 

89 

34 

3. 

23 

16 

2. 

64 

16 

2. 

80 

33 

3. 

13 

15 

2. 

55 

8 

16 

2. 

71 

9 

32 

3. 

03 

15 

2. 

47 

15 

2. 

62 

31 

2. 

93 

15 

2. 

39 

14 

2. 

53 

31 

2. 

84 

14 

2. 

31 

14 

2. 

45 

30 

2. 

75 

13 

2. 

23 

14 

2. 

37 

29 

2. 

60 

13 

2. 

16 

13 

2. 

29 

29 

2. 

58 

13 

2. 

09 

7 

13 

2. 

22 

7 

28 

2. 

50 

13 

2. 

02 

13 

2. 

15 

27 

2. 

42 

12 

1 . 

95 

13 

2. 

08 

26 

2. 

34 

11 

1  . 

88 

13 

2. 

01 

20 

2 

27 

11 

1 

82 

12 

1 

94 

20 

2 

20 

11 

1. 

76 

12 

1 

88 

A 
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2 

13 

11 

1. 

70 

6 

12 

1 

82 

6 

24 

2 

00 

11 

1 

64 

12 

1 

76 

24 

2 

00 

11 

1 

53 

12 

1 

65 

23 

1 

88 

11 

1 

43 

1 1 

1 

54 

i  n 

22 

1 

76 

10 

1 

33 

11 

1 

44 

21 

1 

65 

10 

1 

24 

9 

10 

1 

34 

9 

21 

1 

55 

9 

1 

15 

10 

1 

25 

20 

1 

45 

90 

1 

07 

10 

1 

17 

7 

19 

1 

36 

86 

1 

00 

10 

1 

10 

7 

18 

1 

28 

82 

0 

938 

92 

1 

03 

65 

18 

1 

21 

78 

0 

881 

52 

84 

0 

965 

58 

175 

1 

14 

74 

0 

829 

78 

0 

907 

55 

163 

1 

07 

70 

0 

779 

ou 

73 

0 

852 

f^9 

158 

1 

01 

66 

0 

732 

47 

68 

0 

800 

4Q 

149 

U 

949 

64 

0 

688 

44 

63 

II 

751 

4JS 

143 

0 

894 

62 

0 

646 

4J 

40 

60 

0 

706 

43 

136 

0 

842 

60 

0 

606 

57 

0 

663 

42 

129 

0 

792 

57 

(1 

567 

«J«7 

54 

0 

621 

40 

124 

(1 

745 

(I 

529 

oo 

52 
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581 

30 

120 

(1 

701 

50 

II 

492 

37 

50 

0 

542 

37 

117 

0 

659 

47 

0 

457 

o5 

34 

48 

0 

505 

36 

113 

0 

618 

44 

0 

423 

32 

46 

0 

469 

34 

110 

0 

.579 

42 

0 

391 

44 

0 

435 

**i 

108 

II 

.543 

40 

0 

.362 

29 

42 

,  0 

.404 

9ft 

105 

0 

509 

38 

0 

.335 

27 

41 

(1 

.376 

94 

100 

0 

.470 

36 

0 

.311 

24 

21 

41 

0 

.352 

22 

96 

0 

.448 

35 

34 

33 

32 

31 

0 

II 

0 

1) 

0 

.290 
.271 
.  253 
.237 
.222 

19 

18 

16 

15 

14 

40 

39 

38 

36 

34 

0 

0 

.330 

.310 

.291 

.273 

.256 

20 

19 

18 

17 

16 

92 

87 

82 

77 

72 

II 

II 

II 

(1 

0 

.422 

.397 

.373 

.350 

.328 

29 

27 

25 

23 

21 

0 

0 

0 

0 

0 

.208 
.194 
.181 
.169 
.  158 

14 

13 

12 

11 

10 

32 

30 

28 

26 

24 

0 

0 

0 

1  0 
0 

.240 
.224 
.209 
.  195 
.  182 

16 

15 

14 

13 

12 

67 

62 

57 

53 

50 

0 

II 

0 

0 

0 

.307 
.  286 
.200 
.248 
.232 

20 

19 

18 

17 

16 

15 

0 

0 

0 

II 

0 

0 

.  148 
.  140 
.  133 
.  127 
.  122 
.118 

8 

7 

6 

5 

4 

22 

20 

18 

17 

10 

15 

o 
,  0 
0 
o 
0 
0 

.170 
.  100 
.  151 
.  144 
.138 
.  133 

10 

9 

7 

6 

5 

48 

45 

43 

4( 

37 

34 

0 

0 

II 

0 

0 

0 

.218 
.205 
.  194 
.184 
.  175 
.107 

Ai 


i  =  44 


3 

6 

6 

5 

1  1 

10 

lu 

10 

10 

10 

9 

9 

9 
8 
8 
8 

8 

7 

7 

7 

7 

6 

12 

12 

11 

10 
10 

9 

8 
7 
7 

7 

6 

61 

55 

52 

50 

47 

44 

42 

41 

39 

36 

34 

33 

28 

26 

25 

24 

23 

22 

21 

21 

20 

18 

16 

14 

13 

11 

10 
9 

8 


36 

36 

36 

36 

35 

35 

34 

33 

32 

32 

32 

31 

31 

31 

30 

29 

28 

28 

27 

26 

26 

26 

25 

24 

24 

23 

22 

22 

21 

20 

19 

18 


4.10 

4.07 

4.01 

3.95 

3.89 

3.78 

3.67 

3.56 

3.45 
3.35 

3.25 
3.15 
3.06 
2.97 
2.88 

2.79 

2.70 

2.62 

2.54 

2.46 

2.39 

2.32 

2.25 
2.12 
2.00 
1.88 
1.77 

1.67 

1.57 
1.48 

1.40 

1.32 


A0 


18  1.25 


17 

161 

146 

140 

135 

131 

127 

123 

120 

117 

114 

111 

109 

104 

99 

94 

89 

84 

79 

74 

70 

68 

66 

63 

60 

57 

53 

49 

45 

41 


1.18 

1.11 

1.04 

0.982 

0.927 

0.876 

0.828 

0.782 

0.738 

0.696 

0.657 

0.620 

0.585 

0.552 

0.521 
0.491 
0 . 402 
0.434 
0.407 

0.381 

0.356 

0.334 

0.314 

0.295 

0.278 
0.262 
0.247 
0 . 233 
0.220 
0.208 


3 

6 

6 

6 

11 

1  1 
1 1 
11 
10 
10 

10 

9 

9 

9 

9 
9 

8 

8 

8 

7 

7 

7 

13 
12 
12 

1  1 

10 

10 

9 

8 
8 
7 

7 

7 

7 

58 

55 

51 

48 

46 

44 

42 

39 

37 

35 

33 

31 

30 

29 

28 

27 

26 

25 

22 

20 

19 

17 

16 

15 

14 
13 
12 


Ai 


i  —  46  A0 


36 

30 
35 
35 
35 

34 

34 

34 

34 

33 

32 

32 

31 
30 
30 
30 

30 

29 

28 

28 

27 

26 

26 

26 

25 

25 

24 

23 

22 

21 

20 

19 

18 

17 

17 

17 

158 

153 

144 

137 

132 

127 

124 
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118 

115 

111 

106 

101 

90 

91 
86 

81 

78 

74 

70 

68 

65 

62 

59 

56 

53 

50 


4.46 

4.43 

4.36 
4.30 

4.24 

4.12 
4.01 

3.90 

3.79 

3.68 

3.57 

3.47 

3.37 

3.27 

3.18 
3.09 

3.00 

2.91 
2.82 
2.74 
2.66 

2.58 

2.51 

2.38 

2.25 

2.13 
2.01 

1.90 

1.79 

1.69 
1.60 

1.51 

1.43 
1.35 

1.28 
1.21 

1.14 

1 . 18 
1.02 
0.965 
0.914 
0.865 

0.820 

0.778 

0.738 

0.700 

0.663 

0 . 627 
0.592 
0.558 
0.525 
0.493 

0.462 

0.434 

0.408 

0.384 

0.363 

0.343 

0.324 

0.306 

0.289 

0.273 

0.258 


3 

7 
6 
6 

12 

11 

11 

11 

11 

11 

10 

10 

10 

9 

9 

9 

9 

9 

8 
8 
8 

7 

13 

13 

12 

12 

11 

11 

10 
9 
9 

8 

8 

7 

7 

7 

6 

6 

55 

51 

49 

45 

42 

40 

38 

37 

36 

35 

34 

33 

32 

31 

28 

26 

24 

21 

20 

19 

18 

17 

16 

15 


37 

36 

36 

36 

36 

36 

35 

34 

33 

33 

33 

32 

32 

32 

31 

30 

30 

30 

30 

29 

29 

29 

28 

27 

27 

26 

25 

24 

23 

22 

21 

20 

19 

19 

18 

17 

17 

16 

15 

145 

136 

135 

134 

130 

125 

120 

115 

110 

106 

102 

98 

94 

90 

88 

86 

84 

80 

77 

74 

71 

68 

65 

62 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 

\h  =  150 


0. 10 
0  25 
0  50 
0  75 
1  00 


1.5 
2.0 

2.5 
3.0 

3.5 


4.0 

4.5 
5.0 

5 . 5 
6.0 

6.5 


7.0 

7.5 
8.0 

8.5 
9.0 

9.5 


10.0 

11.0 

12.0 

13.0 

14.0 


15.0 

16.0 

17.0 

18.0 

19.0 


20.0 

21.0 

22.0 

23.0 

24.0 


25.0 
26.0 
27.0 
28  0 
29.0 


30.0 
31.0 
32.0 
33.0 
34  0 


i  =  26 


1.09 
1  07 
1.05 
1  02 
1  00 


0.954 
0 . 909 
0.864 
0.822 
0.785 


0.749 

0.713 

0.680 

0.648 

0.617 

0.588 


0.561 
0.535 
0.510 
0 . 486 
0 . 463 
0.442 


46 


0.422 

0.381 

0.340 

0.314 

0.285 


0.259 
0.236 
0.214 
0.  194 
0.  177 


41 

35 

32 

29 

26 


0.  161 
0. 146 
0.  132 
0.  120 
0.  109 


35.0 
36 . 0 
37.0 
38.0 
39.0 


0.0995 
0  0905 
0.0819 
0.0741 
0 . 0674 


0.0614 

0.0559 

0.0509 

0.0464 

0.0422 


0.0382 
0 . 0348 
0.0317 
0  0288 
0.0202 


40.0 

41.0 

42.0 

43.0 

44.0 


45.0 

46.0 

47.0 

48.0 

49.0 

50.0 


0 . 0239 
0.0218 
0.0198 
0.0179 
0.0162 


0.0146 

0.0132 

0.0119 

0.0107 

0.0096 

0.0086 


A, 

=  27 

A  Q 

13 

1.22 

13 

1  20 

12 

1  17 

12 

1  14 

12 

1  12 

5 

1 16 

1  07 

111 

1  02 

50  . 

39  1 
39  1 

106 

0.970 

102 

0.924 

100 

0.885 

97 

0.846 

38  1 
36 

35 

33 

32 

31 

95 

0.808 

92 

0.772 

89 

0.737 

87 

0  704 

84 

0.672 

80 

0.641 

30 

28 

27 

26 

24 

22 

76 

0.611 

73 

0.583 

70 

0.556 

67 

0.530 

64 

0.506 

62 

0.484 

43 

40 

36 

31 

30 

60 

0.441 

55 

0  401 

51 

0.305 

49 

0.334 

45 

0.304 

27 

41 

0 . 277 

38 

0.252 

23 

21 

18 

35 

0.229 

31 

0.208 

29 

0.  190 

17 

17 

14 

12 

11 

27 

0  173 

24 

0  156 

22 

0. 142 

21 

0.  130 

195 

0.  119 

11 

96 

86 

78 

71 

175 

0  108 

165 

0  0984 

157 

0.0898 

146 

0 . 0820 

135 

0 . 0749 

65 
60 
r,  r. 

125 

0.0684 

115 

0.0624 

105 

0.0569 

1 

)  97 

0.0519 

91 

0.0473 

41 

84 

0  0432 

38 

l\ 

28 

,  77 

0  0394 

72 

0.036C 

67 

0.032! 

62 

0.0301 

20 

\  57 

0.0275 

‘>5 

24 

SL 

0  025( 

)  47 

0.0221 

21 

19 

45 

j 

0  0205 

i  4( 

0.0181 

18 

\  31 

0.0168 

\i 

15 

31 

0.01 5 

-  2? 

0.0131 

2i 

0  01231 

}  25 

0  01 1 1 1 

Ai 


i  =  28 


1  35 
1.33 
1.30 
1.27 
1  24 


18 

13 

08 

03 


105  0.990 


0 . 946 
0.900 
0.867 
0.829 
0  792 
0.757 


Au 


0.723 
0.690 
0.058 
0.628 
70  0 . 600 
68  0.574 


66  0 . 550 
63  0 . 504 
59  0 . 460 
55  0.420 
50  0 . 384 


46 

43 

40 

38 

36 


.350 
.320 
0.292 
0.267 
0.244 


32 

29 

28 

26 

23 


21 

21 

196 

182 

166 


153 

143 

134 

125 

116 


108 

100 

93 

86 

79 


72 

66 


61 

57 


0.222 
0.202 
0. 184 
0  168 
0  153 


Ai 


13 

13 

13 

13 

13 


i  =  29 


13 

12 

12 

12 

110 


104 

94 

89 

87 

86 

84 


0.  140 
0.  129 
0.  118 
0.  108 
0 . 0986 


0.0902 
0.0827 
0.0758 
0.0694 
0 . 0635 


0.0581 
0 . 0532 
0.0487 
0.0446 
0.0408 


0.0373 

0.0341 

0.0311 

0.0283 

0.0257 


47  0  0233 
42  0.0210 
38  0.0189 
35  0.0171 
32  0.0155 
30  0.0141 


48 

46 

43 

.40 

.37 


31 
25 
20 
15 
.  10 


1.05 

1.00 

0.956 

0.916 

0.878 

0.841 


0.805 

0.770 


78  0.736 


77 

75 


0.705 

0.675 


73  0.647 


70 

05 

01 

57 

53 


0.620 

0.509 

0.521 

0.477 

0.437 


50 

46 

43 

40 

37 


35 

33 

31 

30 

29 


27 

24 

22 

20 

184 


0.400 

0.366 

0.335 

0.307 

0.281 


0.257 
0.235 
0.215 
0. 198 
0.  182 


0.  167 
0.  153 
0.  140 
0.  128 
0.  117 


108  0. 107 


159 

149 

139 

131 


122 

114 

106 

98 

90 


23 

21 
18 
16 
1  I 


0.0981 
0.0907 
0.0833 
0  0766 


0.0703 
0.0646 
0.0593 
0  0544 
0 . 0498 


82  0.0455 
73  0.0414 
0.0377 
0.0344 
0.0314 


66 

61 

57 


52  0.0285 
48  0.0258 
45  0.0234 
41  0.0212 
38  0.0193 
35  0.0176 


A, 


14 

14 

13 

13 

13 


i  =  30  A„ 


1.62 
1.60 
1.56 
1.53 
1  50 


13 
13 
12 
11 
1 1 


11 

11 

104 

94 

90 

86 


73 

68 

64 

60 

57 


52 

50 

47 

43 

40 


27 


1.44 

1.38 

1.32 

1.26 

1.21 


1.16 

1.11 

1.06 

1.01 

0.908 

0.927 


0.888 

0.851 

0.816 

0.783 

0.752 

0.722 


0.693 

0.637 

0.585 

0.537 

0.494 


0.452 

0.416 

0.382 

0.350 

0.321 


0.295 

0.271 

0.249 

0.228 

0.209 


26  0 


193 
0.  177 
0.102 
0.149 
0  136 


18 

174 

168 

162 

153 


0.  125 
0.116 
0. 1075 
0 . 0995 
0.0919 


144 

133 

122 

112 

103 


95 

88 

81 

74 

69 


65 

61 

56 

51 

46 

42 


0.0847 

0.0779 

0.0715 

0.0050 

0.0601 


0.0550 

0.0502 

0.0458 

0.0418 


A, 


12 

12 

12 

12 

11 


11 

11 

11 

11 

102 

103 


68 

64 

59 

55 

51 


0.0350 

0.0319 

0.0290 

0.0263 

0.0239 

0.0218 


0.0383  33 


99  0 


31 


1.76 
1  74 
1.70 
1 . 66 
1  63 


1  56 
1.50 
1.44 
1.38 
1  32 


1.27 
1.22 
1  17 
1.12 
1.07 
1.03 


76 

71 

67 

61 

56 


40 

37 

34 

33 

31 


987 

947 

909 

0.872 

0.836 

0.801 


0.769 

0.708 

0.652 

0.598 

0.550 


0.507 
0 . 468 
0.431 
0 . 396 
0.364 


0.335 
0.308 
0 . 283 
0.261 
0.240 


28  0 
26 


lii) 

23 

99 


20 

18 

165 

155 

141 


133 

127 

121 

116 

113 


108 

102 

97 

91 

83 


75 

68 


221 
0.203 
0.  187 
0.  172 
0. 158 


0.  145 
0.  134 
0.  124 
0.115 
0.  106 


0.0980 
0  0906 
0.0836 
0.0772 
0.0714 


0.0658 
0 . 0604 
0 . 0555 
0.0509 
0.0466 


62  0 
57 


0.0425 
0.0387 
0352 
0.0320 
0.0292 
0.0267 


14 

14 

14 

14 

13 


13 

12 

12 

12 

12 


11 

11 

11 

11 

11 

10 


93 

89 

85 

83 

sj 

82 


Si  i 

76 

71 

67 

63 


59 

54 

50 

48 

46 


44 

42 

40 

37 

35 


33 

31 

28 

26 

24 


22 

21 

20 

18 

17 


ICO 

154 

147 

138 

128 


120 

113 

104 

96 

88 


82 

76 

71 

67 

62 

57 
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Table  15.3.  Value  of  Function  Pe  ( Continued ) 
yfri  =  150 


A0  a 

i  =  33 

2  ] 

5  2.05 

4  1 

5  2.03 

|  1 

5  1  99 

1  1 

3  1  95 

7  1 

5  1.91 

7  1‘ 

1 .83 

6  i: 

1  70 

6  K 

:  1 .69 

6  11 

>1.62 

6  14 

>1.56 

5  11 

1.50 

5  1: 

1.44 

5  11 

1.39 

5  11 

1.34 

5  11 

1.29 

5  11 

1  .24 

4  11 

1.19 

,  104 

1  .  14 

O  or, 

1.09 

7  95 

1  05 

i  92 

1.01 

,  88 

0.971 

85 

0.934 

,  82 

0  866 

l  79 

0.802 

,  76 

0.741  1 

72 

0.085 

67 

0.033 

63 

0.585 

60 

0.541 

55 

0.499  ' 

51 

0.401  \ 

47 

0.426  , 

44 

0.394  i 

41 

0.304  :> 

38 

0.336  - 

35 

0.310  ^ 

32 

0.280  „ 

30 

0 . 264  5 

29 

0.244  r 

27 

0  225  J 

25 

1.207  J 
1 

24 

0.  191  , 

23 

1.178  J 

21 

0  165  J 

21 

)  154 

20 

>«  ! 

19 

133 

18  C 

1.124 

167  ( 

M15 

160  C 

1  107  _ 

148  C 

1.0990  g* 

132  C 

.0910  , 

1  19  ( 

0836  7; 

109  C 

0768  3 

100  ( 

0705 

93  0 

.0047  j?' 

87  0 

0594  ,c 

83  ( 

.0546 

79  0 

0502  ** 

75  C 

0462  H 

71  0 

0425 

66  0 

.0390  110 

o.  10 

0.25 

0.50 

0.75 

1.00 

1.5 
2.0 

2.5 
3.0 

3.5 

4.0 

4.5 
5.0 

5.5 
6.0 

6.5 

7.0 

7.5 
8.0 

8.5 
9  0 

9.5 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

10.0 

17.0 

18.0 

19.0 

>0.0 
>1.0 
>2.0 
!3 . 0 
!4.0 

15. 0 
16.0 
7.0 
8.0 
9.0 

0  0 
1.0 
2.0 
3.0 
4.0 


j  =  32 


5.0 

6.0 

7  0 

8  0 

9.0 

3.0 

1.0 

-'.0 

1.0 

1.0 

5.0 

>0 

'.0 

i.O 

1.0 

1.0 


1.90 
1  88 
1.84 
1.80 
1.76 

1.69 

1.62 

1.56 

1.50 

1.44 

1.38 
1  33 
1.28 
1.23 
1.18 
1.13 

1.08 

1  036 

0.994 

0.955 

0.918 

0.883 

0.849 

0.784 

0.723 

0.665 

0.613 

0. 566 
0.522 
0.481 
0.444 
0.410 

0.379 

0.350 

0.323 

0.298 

0.275 


0.254 
0 . 234 
0.215 
0  198 
0.  182 

0.167 
0.155 
0.  144 
0.133 
0.  123 


0.114 

0.106 

0.0983 

0.0910 

0.0842 

0.0778 
0  0717 
0 . 0659 
0.0605 
0.0554 

0 . 0507 
0.0463 
0.0423 
0 . 0387 
0.0354 
0.0324 


17 

16 

15 

12 

11 

11 

10 

9 

8 

77 

73 

68 

64 

61 

58 

54 

51 

47 

44 

40 

36 

33 

30 


15 

15 

15 

15 

16 


14 

14 

14 

13 

13 

13 

12 

11 

11 

11 

1 1 
11 
11 
10 
9 
89 


i  =  34 


2.20 
2.  18 
2.  14 
2.  10 
2.06 


86 

81 

77 

75 

72 

70 

67 

62 

59 


1.30 

25 

20 

15 

10 

06 


55  0. 516 


51 

48 

46 

43 

40 

37 

35 

33 

31 

29 

27 

24 

23 

21 

20 


19 

18 

17 

16 

150  0 


0.477 

0.442 

0.410 

0.379 

0.350 

0.323 

0.299 

0.277 

0.256 

0.230 

0.218 
0.202 
0.  188 
0.175 
0.103 


140 

137 

132 

125 

119 


112 
104 
96 
87 
80 
75  0 


152 

142 

132 

123 

114 


0.  105 
0 . 0973 
0  0900 
0.0830 
0  0766 


0 . 0706 
0  0050 
0.0598 
0.0549 
0 . 0505 
.0465 


Aa 


15  1.98 


1.90 

1.83 

1.76 

1.69 

1.63 
1.57 
1.51 
1 . 45 
1.40 
1.35 


1.02 
0.947 
0.879 
0.810 
0  757 

0.703 

0.652 

0.003 

0.558 


4 

4 

4 
8 

8 

7 

7 

7 

6 

6 

6 

6 

5 
5 
5 

5 

5 

5 

5 

4 

4 

73 

68 

63 

59 

54 

51 

49 

45 

42 

39 

35 

32 

31 

29 

27 

24 

22 

21 

20 

18 

16 
14 
13 
12 
1 1 


Ai 


16 

15 

14 

14 

14 

14 

14 

14 

14 

14 

13 
12 
11 
11 
1  1 
10 

10 

10 

10 

10 

in 

9 


t  =  35 


36 

33 

28 

24 

20 


9 

83 

81 

75 

71 

08 
65 
62  0 
59 
57 


2.  12 
2.04 
1.97 
1.90 
1.83 

1.76 
1.69 
1.02 
1 . 56 
1  .51 
1.45 

1.40 
1.35 
1  30 
1.25 
1 . 20 
1  .  15 


1.11 
1.03 
0.900 
0.891 
0 . 828 


10 

10 

9 

9 

9 

77 

73 

70 

64 

00 

50 

52 

49 

44 

40 


54 

50 

46 

43 

41 

39 

36 

33 

32 

31 


0.771 
0.717 
665 
0.017 
0.573 


0.531 

0.492 

0.450 

0.422 

0.391 

0.302 
0.335 
0.310 
0.288 
0 . 207 


29  0 

27 

25 

24 

23 


.247 
0.229 
0.213 
0.199 
0.  180 


21  0. 173 
19  0. 161 
18  0. 150 
16  0. 139 
15  0  129 


15 

137 

130 

124 

117 


112 

107 

102 


0.  120 
0.111 
0.  103 
0 . 0954 
0.0883 


3 
5 

4 

4 
8 

8 

7 

7 

7 

7 

7 

7 
0 

5 

6 
5 

5 

5 

5 

5 

5 

4 

8 
70 
09 
03 
57 

54 

52 

48 

44 

42 

39 

30 
34 

31 
29 

27 

25 

22 

21 

20 

18 

10 

14 

13 

13 


Ai 


10 

16 

16 

15 

15 

15 

15 

14 

13 

13 

13 
13 
13 
12 
1 1 
11 

10 

10 

10 

10 

10 

10 


i  =  36 


2.52 

2.49 

2.44 

2.39 

2.35 

2.27 
2.  19 
2.11 
2.03 
1.96 

1.89 
1.82 
1 .75 
1.68 
1.62 
1.56 


10 

9 

80 

77 

74 


50 

45 

40 

35 

30 


0.784 
0.730 
03  0.080 
60  0.633 


57 

54 

51 

48 

45 


0.0818 
0.0757 
0 . 0700 
97  0.0646 
91  0.0590 
85  0  0550 


12 
11 
1 1 
10 
9 

9 

8 

76 

71 

65 

61 

57 

54 

50 

46 


42 
39 
37 
35 
33  0 


0.588 

0.546 

0.507 

0.470 

0.436 


32 

30 

27 

24 

21 

20 

19 

is 

18 

18 


0.404 

0.374 

0.347 

0.323 

.300 


0.279 
0 . 259 
0.240 
0.223 
0.207 

0  193 
0  180 
0.168 
0  157 
0  147 

0.  137 
0.  127 
0.  118 
0.  109 
0.  101 

0.0938 
I  14  0.0871 


17 

16 

15 

136 

127 

120 


109 

105 

101 

96 


0 . 0809 
0  0751 
0 . 0697 
0.0040 


A  o 


1.25 

1.21 
1  .  12 
1.04 
0.908 
0.902 


700.841 


3 
5 

5 

4 
8 

8 
8 
8 
7 
7 

7 
7 

7 

6 
6 
6 

5 
5 
5 
5 
5 
4 

9 

8 
72 
66 
61 

57 

54 

50 

47 

45 

42 

39 

37 

34 

32 

30 

27 

24 

23 

21 

20 

19 

17 

16 

14 

13 
12 
11 
10 
10 


A, 


16 

16 

16 

10 

10 


=  37 


2.68 

2.05 

2.60 

2.55 

2.51 


15 

15 

15 

14 

13 

12 

12 

12 

11 

11 

1 1 
10 
10 
10 
10 
10 

10 

10 

9 

82 
79  0 


75  0 
72 


69  0 
66  0 


03  0 

60  0 
58  0 
55  0 
53  0 
50  0 


41 


34 

26 

18 

10 


2.02 
1.94 
1.87 
1.80 
1  .73 
1.67 


.61 

.55 

50 

45 

40 

35 


1.31 
1.22 
1 .  13 
1 . 05 
.981 


.916 

0.850 

.799 

.746 

.690 


.648 
.604 
.562 
.523 
.  486 


47  0.451 
44  0.418 


0 . 388 


38  0.301 
37  0.337 

35  0.314 
33  0.292 
32  0  272 
31  0.254 
30  0.237 


10 

9 

9 

8 

72 

67 

62 

58 

54 

51 


28 

26 

24 

22 

20 

19 

18 

17 

17 

16 


0.221 
0 . 206 
0.  192 
0.179 
0.  167 


152 

139 

128 

120 

113 

108 


156 

145 

135 

126 

117 


0.  109 
0.  101 
0 . 0937 
0.0871 
0.0810 
0.0754 


15  2.42 


3 
5 

5 

4 
9 

8 

8 

s 

8 

8 

8 

7 

7 

7 

6 
6 

6 

5 
5 
5 
5 
4 


Ai 


9 

9 

8 

69 

65 

60 

57 

53 

50 

48 

44 

42 

39 

37 

35 

33 

30 

27 

24 

23 

22 

20 

18 

17 

16 

15 

14 

13 

12 

11 

1  1 
10 
9 
9 
8 

8 

73 

66 

61 

56 


16 

16 

16 

16 

15 

15 

14 

14 

14 

14 

14 

14 

14 

14 

14 

13 

12 

12 

11 

11 

11 

11 

11 
1 1 
11 
11 

99 

94 

86 

78 

71 

66 

63 

60 

58 

56 

53 

50 

48 

45 

43 

40 

38 

36 

34 

32 

30 

28 

26 

25 

24 

23 

21 

20 

19 

18 

17 


16 

16 

153 

139 

128 

121 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 

iv  =  150 


Ai  i 

=  68 

Ap 

Ai  i 

=  70  C. 

35 

7.98 

30 

8.34 

35 

7.94 

30 

8.30 

35 

7.87 

37 

8.24 

35 

7.81 

6 

12 

37 

8.18 

35 

7  75 

37 

8.  12  j 

36 

7 . 63 

12 

12 

12 

12 

11 

37 

8.00  , 

36 

7.51 

37 

7.88 

36 

7  39 

37 

7 . 70 

36 

7.27 

37 

7 . 64 

30 

7.15 

37 

7.52 

36 

7.04 

12 

12 

12 

12 

12 

12 

37 

7.41 

36 

6.92 

37 

7.29 

30 

6.80 

37 

7.17 

30 

6 . 68 

37 

7.05 

30 

6 . 50 

37 

0 . 93 

30 

6.44 

37 

6.81 

30 

6.32 

12 

11 

11 

11 

11 

10 

37 

6.69 

30 

6.20 

38 

6.58 

30 

6  09 

38 

6.47 

30 

5.98 

38 

(3 . 30 

36 

5.87 

38 

6.25 

30 

5.76 

38 

6.  14 

36 

5.06 

18 

16 

16 

16 

15 

38 

6.04 

36 

5.48 

38 

5.80 

37 

5.32 

37 

5.69 

37 

5  16 

37 

5.53 

30 

5.00 

37 

5.37 

30 

4.85 

15 

14 

14 

13 

13 

37 

5.22 

36 

4.70 

37 

5.07 

36 

4.50 

30 

4.92 

35 

4.42 

36 

4.78 

35 

4.29 

35 

4.64 

34 

4.16 

13 

12 

12 

12 

11 

35 

4.51 

33 

4.03 

35 

4.38 

33 

33 

3.91 

3.79 

34 

34 

4.25 

4.13 

3.67 

34 

4.01 

31 

3.56 

10 

10 

10 

10 

9 

34 

3.90 

31 

3.46 

33 

3.79 

31 

3.36 

33 

3 . 69 

31 
[  30 

3.20 

3.16 

33 

33 

3.59 

3.49 

30 

3  07 

32 

3.39 

'  30 

2.98 

9 

9 

8 

8 

31 

3.29 

'  30 

2.89 

31 

3.20 

29 

2.80 

31 

3.11 

^  28 

2.72 

30 

3.02 

„  27 

2.64 

8 

8 

29 

2.93 

‘  26 

2.56 

28 

2.84 

‘  25 

2.48 

28 

2.76 

/  cyr^ 

2.41 

27 

2.68 

\  ^ 

2.34 

7 

27 

2.61 

,  25 

2.27 

27 

2.54 

l  25 

2.20 

27 

2.47 

‘  25 

2  13 

27 

2.40 

6  04 

6  03 
6 

2.06 

1.99 

7 

7 

6 

27 

27 

2.33 

2.26 

r  23 
®  23 
®  23 
r‘  23 
'1  22 
5  22 

1.93 

1.87 

1.81 

1.75 

1.69 

1.64 

6 

6 

6 

6 

5 

26 

25 

25 

25 

25 

24 

2. 19 
2.12 
2.06 
2.00 
1.94 
1.88 

0. 10 
0.25 
0.50 
0.75 
1.00 


1.5 

2.0 

2.5 
3.0 

3.5 


4.0 

4.5 
5.0 

5.5 
6.0 

6.5 


7.0 

7.5 
8.0 

8.5 
9.0 

9.5 


10.0 

11.0 

12.0 

13.0 

14.0 


15.0 

16.0 

17.0 

18.0 

19.0 


20.0 

21.0 

22.0 

23.0 

24.0 


25.0 

26.0 

27.0 

28.0 

29.0 


t  =  60 


30.0 
31  0 
32.0 
33.0 
34.0 


6.58 
6.54 
6.47 
6.41 
6 . 35 


35.0 

36.0 

37.0 

38.0 

39.0 


6.22 
6.  10 
5.98 
5 . 86 
5.74 


5.63 

5.51 

5.39 

5.27 

5.15 

5.03 


4.92 

4.81 

4.70 

4.59 

4.49 

4.39 


4.29 
4.  12 
3.96 
3.80 
3.65 


51 

38 

25 

13 

02 


2.91 

2.80 

2.69 

2.58 

2.48 


40.0 

41.0 

42.0 

43.0 

44.0 


45.0 

46.0 

47.0 

48.0 

49.0 

50.0 


A0 


2.39 
2.30 
2  22 
2.14 
2.06 


1.99 

1.92 

1.86 

1.80 

1.74 


Ai 


t  =  62 


1.68 
1.62 
1.56 
1 . 50 
1.44 


1.39 

1.34 

1.29 

1.24 

1.19 


1.14 
1 .09 
1.04 
0.990 


35 

35 

35 

35 

35 


35 

35 

35 

35 

35 


0.943  14 
0.900 


6.93 
6.89 
6 . 82 
6.76 
6.70 


6.57 
6 . 45 
6 . 33 
6.21 
6 . 09 


5.98 
5.80 
5.74 
5 . 62 
5.50 
5.38 


33 

32 

32 

31 

30 


29 

28 

28 

28 

28 


27 

27 

26 

25 

25 


24 

23 


22 

21 


20 


20 

20 


20 

20 


20 


19 

18 


17 

16 


16 


5.26 
5.15 
5 . 04 
4.93 
4.82 
4  72 


4.62 

4.44 

4.28 

4.13 

3.98 


3.84 
3  70 
3.57 
3.44 
3.32 


3.20 
3.08 
2.97 
2 . 86 
2  76 


2.66 

2.57 

2.48 

2.39 

2.31 


2.23 

2.15 

2.08 

2.01 

1.94 


1.88 
1.82 
1 . 76 
1.70 
1.64 


1.58 
1 . 52 
1.46 
1 .40 
1 . 35 


16 

10 

16 

160 

157 

150 


1.30 
1 . 25 


1.20 
1.  15 
110 


1.05 


A.  i 

=  04 

35 

7.28 

35 

7 . 24 

35 

7.  17 

35 

7.11 

35 

7.05 

35 

6.92 

35 

6.80 

35 

6 . 68 

35 

6.56 

35 

6.44 

35 

6  33 

35 

6.21 

35 

6.09 

35 

5  97 

35 

5  85 

35 

5.73 

35 

5.61 

34 

5.49 

34 

5.38 

31 

5.27 

34 

5.16 

33 

5.05 

33 

4.95 

33 

4.77 

32 

4.60 

32 

4.45 

32 

4.30 

32 

4.16 

32 

4.02 

31 

3.88 

31 

3.75 

30 

3.02 

30 

3.50 

30 

3.38 

30 

3.27 

30 

3  16 

29 

3.05 

29 

2.95 

28 

2 . 85 

28 

2.76 

28 

2 . 67 

27 

2.58 

26 

2.49 

26 

2  41 

25 

2.33 

24 

2.25 

24 

2.  18 

23 

2.11 

22 

2.04 

21 

1.97 

21 

1.91 

21 

1.85 

21 

1.79 

21 

1.73 

21 

1 .67 

21 

1.61 

20 

1.55 

A„  A 


i  =  66 


1.49 
1.43 
1.37 
1 . 32 
1.27 
1.22 


7 . 63 
7.59 
7.52 
7.46 
7  40 


27 

15 

03 


6.91 

6.79 


0  08 
0.56 
6.44 
6.32 
6.20 
6.08 


5.96 
5.84 
5  73 
5 . 62 
5.51 
5.40 


5.30 
5.12 
4.95 
4.79 
4 . 64 


4.49 
4  34 
4.20 
4  07 
3.94 


3.82 

3.70 

3.58 

3.40 

3.35 


3.25 
3.15 
3 . 05 
2 . 95 
2.86 


2.77 

2.08 

2.59 

2.51 

2.44 


2.37 
2.30 
2.23 
2.  16 
2.09 


2.02 

1.95 

1.88 

1.82 

1.76 


13 


1.70 
1.04 
1 . 58 
1 . 52 
1.47 
1.42 


Ai 


36 

36 

36 

36 

36 


11 


36 

36 

36 

37 

38 


38 

38 

38 

38 

38 

38 


39 

39 

39 

39 

39 

39 


39 

39 

39 

38 

38 


38 

38 

38 

38 

38 


34 

34 

33 

32 

32 


32 

32 

31 

31 

30 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 

=  150 


Q 

i  =  72 

0.  10 

8.70 

0.25 

8.66 

0.50 

8.60 

0.75 

8.54 

1.00 

8.48 

1.5 

8.36 

2.0 

8.24 

2.5 

8  12 

3.0 

8.01 

3.5 

7.90 

4.0 

7.79 

4.5 

7 . 67 

5.0 

7.55 

5.5 

7.43 

6.0 

7.31 

6.5 

7.19 

7.0 

7.08 

7.5 

6.97 

8.0 

6.86 

8.5 

6.75 

9.0 

6.64 

9.5 

6.53 

10.0 

6.43 

11.0 

6.25 

12.0 

6.08 

13.0 

5.91 

14.0 

5.75 

15.0 

5.60 

16.0 

5.45 

17.0 

4  30 

18.0 

5.16 

19.0 

5.02 

20.0 

4.88 

21.0 

4.75 

22  0 

4.62 

23  0 

4.50 

24.0 

4.38 

25.0 

4.26 

26.0 

4.15 

27.0 

4.04 

28.0 

3.93 

29  0 

3  83 

30.0 

3.73 

31.0 

3.63 

32.0 

3.53 

33.0 

3.43 

34.0 

3.34 

35.0 

3.25 

36.0 

3.16 

37.0 

3.07 

38.0 

2.99 

39.0 

2.91 

40.0 

2.83 

41.0 

2.75 

42.0 

2.68 

43.0 

2.61 

44.0 

2.54 

45.0 

2.47 

46.0 

2.40 

47.0 

2.33 

48.0 

2.26 

49.0 

2.20 

50.0 

2.14 

4 

G 

6 

6 

12 

12 

12 

11 

11 

11 

12 

12 

12 

12 

12 

11 

11 

11 

11 

11 

11 

10 

18 

17 

17 

1G 

15 

15 

15 

14 

14 

14 

13 

13 

12 

12 

12 

11 

11 

11 

10 

10 

10 

10 

10 

9 

9 

9 

9 

8 

8 

8 

8 

7 

7 

7 

7 

7 

7 

7 

6 

6 


3G 

36 

3G 

3G 

3G 

36 

37 

38 
38 
38 

38 

38 

38 

39 

40 

41 

41 

41 

41 

41 

41 

41 

41 

41 

40 

40 

40 

40 

40 

40 

39 

39 

39 

38 

35 
37 
37 

37 

3G 

3G 

3G 

36 

36 

36 

36 

36 

35 

34 

33 

33 

32 

32 

32 

32 

31 

30 

30 

30 

30 

30 

30 

29 

28 


74 


9 . 06 
9.02 
8.96 
8.90 
8.84 

8.72 
8.61 
8.50 
8.39 
8. 28 

8.  17 
8 . 05 

7.93 
7.82 
7.71 
7.60 

7.49 

7.38 

7.27 
7.16 
7.05 

6.94 

6.84 
6 . 66 
6.48 
6.31 
6.  15 

6.00 

5.85 
5.70 
5.55 
5.41 

5.27 
5.13 
5.00 
4.87 
4  75 

4.63 
4.51 

4.40 
4.29 
4.19 

4.09 

3.99 
3.89 
3.79 

3.69 

3.59 

3.49 

3.40 
3.31 
3.23 

3.15 
3  07 

2.99 
2.91 
2.84 

2.77 

2.70 

2.63 
2.56 

2.49 
2.42 


As 


4 

6 

6 

6 

12 

11 
11 
1 1 
11 
11 

12 
12 
11 
11 
1 1 
11 

11 
11 
11 
11 
1 1 
10 

18 

18 

17 

16 

15 

15 

15 

15 

14 

14 

14 

13 

13 

12 

12 

12 

11 

11 

10 

10 

10 

10 

10 

10 

10 

10 

9 

9 

8 

8 

8 

8 

8 

7 

7 

7 

7 

7 

7 

7 


41 


42 

42 

42 

42 

42 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

40 

40 

39 

38 

37 

37 

37 

37 

37 

37 

36 

36 

35 

34 

33 

33 

33 

32 

31 

31 

31 

31 

31 

31 


i  *  =  7( 

Ag 

A, 

6  9.42 

37 

6  9.38 

6 

6 

37 

6  9 . 32 

37 

15  9 . 26 

37 

7  9.21 

11 

37 

i  9.  10 

11 

1 1 
11 
11 
11 

37 

1  8.99 

37 

5  8.88 

37 

8.77 

37 

8.66 

37 

8.55 

11 

11 

1 1 
11 
11 

1  1 

38 

8.44 

38 

8.33 

38 

8.22 

38 

8  11 

39 

8.00 

40 

7.89 

11 

1 1 

1 1 
10 
10 
10 

41 

7.78 

42 

7.67 

43 

7 . 56 

44 

7.46 

44 

7.36 

44 

7.26 

18 

18 

17 

16 

16 

44 

7.08 

44 

6.90 

45 

6.73 

46 

6.57 

46 

6.41 

15 

15 

15 

14 

14 

46 

6 . 26 

45 

6.11 

45 

5.96 

45 

5.82 

44 

5.68 

14 

13 

13 

12 

12 

43 

5.54 

43 

5.41 

42 

5.  28 

42 

5.  16 

41 

5.04 

12 

12 

11 

11 

11 

41 

4.92 

41 

4.80 

41 

4.69 

40 

4.58 

40 

4  47 

11 

10 

10 

10 

10 

40 

4 . 26 

40 

4.26 

39 

4  16 

38 

4.06 

38 

3.96 

10 

10 

9 

9 

9 

38 

3.86 

38 

3.76 

38 

3 . 67 

37 

3 . 58 

36 

3.49 

9 

8 

8 

8 

8 

36 

3.40 

36 

3.32 

35 

3.24 

35 

3.  16 

35 

3.08 

35 

3.01 

34 

2.94 

i 

33 

2.87 

33 

2.80 

33  I 

2.73 

33  : 

i  =  78 


9.79 

9.75 

9.69 

9.63 

9.58 

9.47 

9.36 

9.25 

9.14 

9.03 

8.93 

8.82 

8.71 

8.60 

8.50 

8.40 

8.30 

8.20 

8.10 

8.00 

7.90 

7.80 

7.70 
7.52 
7.35 
7.19 
7.03 

6.87 

6.71 

6.56 

6.41 
6.26 

6.11 

5.97 
5.83 
5.70 

5.57 

5.45 

5.33 

5.21 

5.09 

4.98 

4.87 
4.76 
4.65 
4.54 
4.44 


.24 

.  14 
.04 
.94 


.35 


.06 


4 
6 
6 

5 

1 1 

11 

11 

11 

11 

10 

11 
1 1 
1 1 
10 
10 
10 

10 

10 

10 

10 

10 

10 

18 

17 

16 

16 

16 

16 

15 

15 

15 

15 

14 

14 

13 

13 

12 

12 

12 

12 

11 

11 

1 1 
11 
1  1 
10 
10 

10 

10 

10 

10 

9 

9 

9 

8 

8 

8 

8 

8 

7 

7 

7 


A,- 


i  =  80 


35 

35 

35 

35 

35 

35 

35 

35 

35 

36 

36 

37 

38 

39 
39 
39 

39 

40 

41 

42 

43 

44 

45 


10.  14 
10.  10 
10.04 
9.98 
9.93 

9.82 

9.71 

9.60 
9.49 
9.39 

9.29 
9.19 
9.09 
8  99 
8.89 
8.79 

8.69 

8.60 
8.51 
8.42 
8.33 
8.24 

8.15 


45 

7 

.97 

45 

7 

.80 

44 

7 

.  63 

44 

7 

.47 

44 

7 

.31 

44 

7 

.  15 

44 

7 

.00 

44 

6 

.85 

44 

6 

.70 

44 

6 

.55 

44 

6 

.41 

44 

6 

.27 

43 

6 

13 

43 

6 

.00 

42 

5 

87 

41 

5 

74 

41 

5 

62 

41 

5 

50 

41 

5 

39 

41 

5 

28 

41 

5 

17 

41 

5 

06 

41 

4 

95 

40 

4 

84 

39 

4 

73 

39 

4 

63 

39 

4. 

53 

39 

4 

43 

39 

4. 

33 

39 

4. 

24 

39 

4. 

15 

39 

4. 

06 

38 

3. 

97 

38 

3. 

89 

38 

3. 

81 

38 

3. 

73 

38 

3. 

65 

37 

3. 

57 

36 

3 

49 

36 

3. 

42 

Au 


4 
6 
6 

5 

11 

11 

11 

11 

10 

10 

10 

10 

10 

10 

10 

10 

9 

9 

9 

9 

9 

9 

18 

17 

17 

16 

16 

16 

15 

15 

15 

15 

14 

14 

14 

13 

13 

13 
12 
12 
1  1 
11 

11 
11 
1 1 
11 
11 

10 

10 

10 

10 

9 

9 

9 

9 

8 

8 

8 

8 

8 

8 

7 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 

=  175 


0 

i 

=  26 

0 

10 

1 

01 

0. 

25 

0. 

996 

0. 

50 

0. 

909 

0. 

75 

0. 

949 

1 

00 

0 

930 

1 

5 

0 

888 

2_ 

0 

0 

840 

2_ 

5 

0 

805 

3 

0 

0 

708 

3 

5 

0 

731 

4 

0 

0 

700 

4 

5 

0 

009 

5 

0 

(I 

038 

5 

5 

0 

009 

6 

0 

0. 

581 

6 

5 

0 

554 

7 

0 

0 

528 

7 

5 

0 

503 

8 

0 

0 

479 

8 

5 

0 

450 

9 

0 

0 

434 

9 

5 

0 

412 

10 

0 

0 

392 

11 

0 

0. 

355 

12 

0 

0 

323 

13 

0 

0 

293 

14 

0 

0 

200 

15 

0 

0 

241 

10 

0 

0 

219 

17 

0 

0 

199 

18 

0 

0 

181 

19 

0 

0 

105 

20 

0 

0 

149 

21 

0 

0 

135 

22 

0 

0 

123 

23 

0 

0 

112 

24 

0 

0 

102 

25 

0 

0 

0920 

26 

0 

0 

0840 

27 

0 

0 

0700 

28 

0 

0 

0089 

29 

0 

0 

0020 

30 

0 

0 

0570 

31 

0 

0 

0519 

32 

0 

0 

0472 

33 

0 

0 

0429 

34 

0 

0 

0389 

35 

0 

0 

0352 

30 

0 

0 

0318 

37 

0 

0 

0288 

38 

0 

0 

0202 

39 

0 

0 

0238 

40 

0 

0 

0217 

41 

0 

0 

0198 

42 

0 

0 

0181 

43 

0 

0 

0104 

44 

0 

0 

.0148 

45 

0 

0 

.0134 

46 

0 

0 

0121 

47 

0 

0 

0109 

48 

0 

0 

.0099 

49 

0 

0 

0091 

50 

.0 

0 

.  0083 

Ai 


12 
114 
111 
1 1  1 
110 


107 

104 

101 

97 

93 


91 

89 

88 

80 

84 

81 


78 

75 

72 

08 

04 

01 


58 

55 

51 

47 

43 


40 

30 

33 

30 

28 


27 

25 

23 

21 

19 


174 
104 
1 50 
140 


124 
1  I 
101 
91 


30 


II 

A  o 

Ai 

1.13 

13 

111 

13 

1.08 

13 

1  . 00 

12 

1  .04 

45 

12 

0 . 995 

45 

44 

41 

41 

33 

115 

0.950 

110 

0  906 

104 

0 . 805 

100 

0.824 

96 

0.791 

33 

32 

31 

30 

30 

29 

93 

0  758 

90 

0  720 

80 

0 . 095 

82 

0 . 665 

78 

0 . 635 

75 

0 . 606 

28 

27 

27 

20 

25 

23 

72 

0.578 

09 

0.551 

00 

0 . 524 

04 

0.498 

63 

0.473 

63 

0.450 

40 

30 
34 

31 
28 

62 

0.410 

59 

0  374 

55 

0  340 

51 

0.309 

48 

0.281 

20 

23 

21 

18 

17 

45 

0  255 

42 

0 . 232 

39 

0.211 

30 

0.  193 

33 

0.  170 

10 

14 

13 

12 

11 

30 

0.  160 

28 

0.  140 

20 

0.  133 

24 

0.  121 

23 

0  1100 

90 

88 

81 

74 

07 

220 

0. 1004 

190 

0  0910 

174 

0 . 0835 

105 

0.0761 

157 

0  0094 

03 

58 

53 

47 

43 

143 

0  0631 

131 

0.0573 

121 

0 . 0520 

113 

0.0473 

105 

0  0430 

39 

35 

32 

29 

27 

97 

0  0391 

90 

0 . 0350 

82 

0.0324 

75 

0.0295 

08 

0  0208 

24 

02 

0  0244 

50 

0  0222 

20 

18 

17 

51 

0  0202 

47 

0.0184 

44 

0  0107 

15 

13 

12 

11 

10 

_ 

42 

0  0142 

40 

10  0139 

37 

0.0127 

34 

0.0110 

31 

0.0100 

28 

i  =  28 


.20 
.24 
.21 
18 
.  10 


1.11 

1.00 

1.01 


.884 

.848 

.812 

.777 

.743 

.710 


.078 

.047 


.  530 


.512 


357 


0.  109 


0.0918 


0.0837 
0.0702 
0 . 0094 
0.0033 
0 . 0578 


0.0527 

0.0481 

0.0438 

0.0399 

0.0303 


0330 

0300 

0273 

0249 

0228 


0.0209 
0.0192 
0.0170 
0.0161 
0  0147 
0.0134 


A,- 


11 

11 

11 

105 

100 


30 

27 

24 

21 

19 


94 

91 

85 

81 

78 

75 


73 

72 

71 

70 

09 

00 


0.751 
0.719 
0 . 088 
0 . 058 
0.030 
0 . 002 


05 

00 

50 

54 

50 


0.577 
0.529 
0 . 485 
0.445 
0.407 


40 
44 

41 
38 
35 


33 

31 

28 

20 

24 


22 

21 

21 

190 

172 


102 

155 

147 

138 

127 


117 

100 

97 

88 

80 


74 

70 

05 

00 

55 


i  =  29  A, 


1.38 
1 . 30 
1  33 
1.30 
1  28 


1  22 

1.17 
1.12 
1.07 
1  .02 


0 . 978 
0 . 939 
0.897 
0.858 
0  821 
0.785 


0.372 
0.341 
0.312 
0 . 285 
0.201 


0 . 239 
0  219 
0.200 
0.183 
0. 168 


0  154 
0.  141 
0.  130 
0.  119 
0.  109 


0 . 0999 
0.0917 
0.0841 
0.0771 
0.0705 


0.0044 
0  0587 
0.0535 
0 . 0487 
0.0443 


0.0404 
0 . 0370 
0.0338 
0 . 0309 
0  0283 


0.0200 
0.0239 
0 . 0220 
0  0202 
37  0.0184 
33,0.0107 


A, 


i  =  30 


102 

101 

97 

94 

91 

88 


1.08 

1.04 

0.994 

0.952 

0.912 

0.873 


84 

82 

79 

7r, 

73 

71 


0.835 
0.801 
0.707 
0.734 
0.703 
0 . 073 


08 

03 

59 

55 

52 


49 

45 

43 

40 

37 


35 

32 

31 

28 

26 


25 

24 

21 

20 

19 


181 

173 

159 

143 

130 


119 

112 

105 

98 

92 


80 

78 

72 

00 

01 


1.51 

1.49 

1.46 

1.43 

1.40 


1.34 

1.28 

1.23 

1 .  18 
1.13 


0 . 645 
0  592 
0.544 
0  500 
0  459 


0.421 
0 . 380 
0.355 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 
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Table  15.3.  Value  of  Function  Pc  ( Continued ) 


*1  =  175 


0 

i  =  72 

A„ 

Ai 

t  =  74 

Ag 

A, 

»'  =  76 

Ag 

A, 

t  =  78 

0  10 

8.09 

33 

8.42 

33 

8.75 

33 

9.08 

0.25 

8  05 

33 

8  38 

33 

8  71 

33 

9.04 

0  50 

7.99 

33 

8.32 

33 

8.65 

33 

8.98 

0  75 

7.93 

34 

8.27 

33 

8.60 

33 

8  93 

1  00 

7.88 

11 

34 

8.22 

11 

33 

8.55 

ll 

33 

8.88 

1.5 

7.77 

34 

8.11 

33 

8.44 

34 

8.78 

2.0 

7.66 

34 

8  00 

34 

8.34 

34 

8.68 

2.5 

7.55 

34 

7.89 

35 

8.24 

34 

8.58 

3  0 

7.45 

34 

7.79 

35 

8  14 

34 

8.48 

3.5 

7.35 

10 

34 

7.69 

10 

35 

8.04 

10 

35 

8.39 

4.0 

7.25 

34 

7.59 

35 

7.94 

36 

8.30 

4.5 

7.15 

34 

7  49 

35 

7.84 

37 

8.21 

5.0 

7.05 

34 

7.39 

35 

7.74 

38 

8  12 

5.5 

6.95 

34 

7.29 

35 

7.64 

39 

8.03 

6.0 

6.85 

34 

7  19 

36 

7 . 55 

y 

39 

7.94 

6.5 

6.75 

9 

35 

7  10 

9 

36 

7.46 

y 

9 

39 

7.85 

7.0 

6.66 

35 

7.01 

36 

7.37 

39 

7.76 

7.5 

6.57 

35 

6.92 

36 

7.28 

9 

39 

7.67 

8.0 

6.48 

35 

6.83 

36 

7  19 

9 

39 

7.58 

8.5 

6.39 

35 

6  74 

36 

7.10 

y 

39 

7.49 

9.0 

6.30 

35 

6.65 

36 

7.01 

9 

39 

7.40 

9.5 

6.21 

8 

36 

6.57 

8 

36 

6.93 

8 

8 

38 

7.31 

10.0 

11.0 

6.13 

5.97 

16 

16 

36 

36 

6.49 

6.33 

16 

36 

36 

6.85 

6.69 

16 

37 

37 

7.22 

7  06 

12.0 

5.81 

16 

36 

6  17 

36 

6.53 

16 

37 

6  90 

13.0 

5 . 65 

16 

36 

6.01 

36 

6.37 

16 

37 

6  74 

14 .  U 

5.49 

15 

36 

5.85 

15 

36 

6.21 

16 

15 

37 

6.58 

15.0 

16.0 

17.0 

18.0 

19.0 

5.34 

5.19 

5.05 

4.91 

4.78 

15 

14 

14 

13 

13 

36 

36 

36 

36 

35 

5.70 

5.55 

5.41 

5.27 

5  13 

15 

14 

14 

14 

13 

36 

36 

35 

35 

36 

6.06 

5.91 

5.76 

5.62 

5.49 

15 

15 

14 

13 

13 

37 

37 

38 
38 
37 

6.43 

6.28 

6.14 

6  00 
5.86 

20.0 

21.0 

22.0 

23.0 

24.0 

4.65 

4.52 

4  39 
4.27 

4.  15 

13 

13 

12 

12 

12 

35 

35 

35 

35 

35 

5.00 

4.87 

4  74 
4.62 
4.50 

13 

13 

12 

12 

12 

36 

36 

36 

36 

36 

5.36 

5.23 

5.10 

4.98 

4.86 

13 

13 

12 

12 

12 

37 

37 

37 

37 

37 

5.73 

5.00 

5.47 

5.35 

5.23 

25.0 

26.0 

27.0 

28.0 

29.0 

4.03 

3.92 

3.81 

3  70 
3.60 

11 

11 

11 

10 

10 

35 

35 

35 

35 

34 

4.38 

4.27 

4.16 

4.05 

3.94 

11 

11 

11 

11 

10 

36 

36 

36 

36 

36 

4.74 

4.63 

4.52 

4.41 

4.30 

11 

11 

1 1 

11 

1 1 

37 

36 

36 

36 

36 

5.11 

4.99 

4.88 

4.77 

4.66 

30.0 

31.0 

32.0 

33.0 

34.0 

3.50 

3.40 

3  30 

3  21 

3  12 

10 

10 

9 

9 

9 

34 

34 

34 

33 

33 

3.84 

3  74 
3.64 

3  54 

3  45 

10 

10 

10 

9 

9 

35 

34 

34 

34 

33 

4. 19 
4.08 
3.98 

3  88 

3  78 

11 

10 

10 

10 

10 

36 

36 

36 

36 

36 

4.55 

4.44 

4.34 

4.24 

4.14 

35.0 

36.0 

37.0 

38.0 

39.0 

3  03 
2.95 
2.87 
2.79 
2.71 

8 

8 

8 

8 

7 

33 

32 

31 

31 

31 

3  36 
3.27 
3.18 
3.10 

3  02 

9 

9 

8 

8 

8 

32 

32 

32 

32 

32 

3.68 

3  59 

3  50 

3  42 

3  34 

9 

9 

8 

8 

8 

36 

36 

36 

35 

34 

4.04 

3  95 
3.86 

3  77 

3  68 

40.0 

41.0 

42.0 

43.0 

44.0 

2.64 

2.57 

2.50 

2.43 

2.36 

7 

7 

7 

7 

7 

30 

29 

28 

28 

28 

2.94 

2.86 

2.78 

2.71 

2.64 

8 

8 

7 

7 

7 

32 

32 

32 

31 

30 

3  26 
3.18 

3.  10 
3.02 
2.94 

8 

8 

8 

8 

7 

34 

34 

34 

34 

34 

3.60 

3.52 

3.44 

3.36 

3.28 

45.0 

46.0 

47.0 

48.0 

49.0 

50.0 

2.29 

2.23 

2.  17 
2.11 
2.05 
1.99 

6 

6 

6 

6 

6 

28 

27 

26 

26 

26 

26 

2.57 

2 . 50 
2.43 
2.37 
2.31 
2.25 

7 

7 

6 

6 

6 

30 

30 

30 

29 

29 

29 

2.87 

2.80 

2.73 

2.66 

2.60 

2.54 

7 

7 

7 

6 

6 

33 

33 

33 

33 

32 

31 

3  20 

3  13 
3.06 
2.99 
2.92 
2.85 

Ag 

A, 

i  =  80 

33 

9.41 

6 

34 

9.38 

35 

9.33 

o 

35 

9.28 

5 

10 

35 

9.23 

10 

10 

10 

9 

9 

35 

9.13 

35 

9  03 

35 

8.93 

35 

8.83 

35 

8.74 

9 

35 

8.65 

35 

8.50 

9 

9 

9 

9 

9 

35 

8.47 

35 

8.38 

35 

8.29 

35 

8.20 

9 

35 

8  11 

35 

8.02 

9 

9 

35 

7 . 93 

35 

7.84 

35 

7  75 

y 

9 

36 

7.67 

16 

16 

16 

16 

15 

37 

7.59 

37 

7.43 

37 

7.27 

37 

7.11 

38 

6.96 

15 

14 

14 

14 

13 

38 

6.81 

38 

6.66 

38 

6.52 

38 

6.38 

38 

6.24 

13 

13 

12 

12 

12 

38 

6.11 

38 

5.98 

38 

5.85 

37 

5  72 

37 

5.60 

12 

11 

11 

11 

11 

37 

5.48 

37 

5.30 

37 

5.25 

37 

5.14 

37 

5.03 

11 

10 

10 

10 

10 

37 

4.92 

37 

4.81 

36 

4.70 

36 

4.00 

30 

4  50 

9 

9 

36 

4.40 

35 

4.30 

9 

9 

8 

35 

4.21 

35 

4.12 

35 

4.03 

8 

8 

8 

8 

8 

35 

3.95 

35 

3  87 

35 

3.79 

35 

3.71 

35 

3  63 

7 

35 

3.55 

7 

34 

3.47 

7 

33 

3  39 

7 

33 

3  32 

7 

33 

3  25 

33 

3.18 

Ao 


3 

5 

5 

5 

10 

10 

10 

10 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

16 

16 

16 

15 

15 

15 

14 

14 

14 

13 

13 

13 

13 

12 

12 

12 
1 1 
11 
11 
11 

11 

11 

10 

10 

10 

10 

9 

9 

9 

8 

8 

8 

8 

8 

8 

8 

8 

7 

7 

7 


550 


STERILIZATION  IN  FOOD  TECHNOLOGY 


Table  15.3.  Value  of  Function  Pc  (Continued) 

=  200 


0 

X 

=  26 

0. 

10 

0 

946 

0. 

25 

0 

927 

0. 

50 

0 

907 

0. 

75 

0 

883 

1. 

00 

0 

864 

1 

5 

0 

823 

2 

0 

0 

786 

2. 

5 

0 

749 

3 

0 

0 

712 

3. 

5 

0 

678 

4 

0 

0 

650 

4 

5 

0 

622 

5 

0 

0 

595 

5. 

5 

0 

569 

6 

0 

0 

543 

6 

5 

0 

518 

7 

0 

0 

493 

7 

5 

0 

469 

8 

0 

0 

445 

8 

5 

0 

423 

9 

0 

0 

402 

9 

5 

0 

383 

10 

0 

0 

364 

11 

0 

0 

329 

12 

0 

0 

299 

13 

0 

0 

271 

14 

0 

0 

246 

15 

0 

0 

223 

16 

0 

0 

202 

17 

0 

0 

183 

18 

0 

0 

166 

19 

0 

0 

151 

20 

0 

0 

137 

21 

0 

0 

125 

22 

0 

0 

1 14 

23 

0 

0 

103 

24 

0 

0 

0930 

25 

0 

0 

0842 

26 

0 

0 

0766 

27 

0 

0 

0698 

28 

0 

0 

0637 

29 

0 

0 

0582 

30 

0 

0 

0531 

31 

0 

0 

0484 

32 

0 

0 

0440 

33 

0 

0 

0399 

34 

0 

0 

0361 

35 

0 

0 

0327 

36 

0 

0 

0296 

37 

0 

0 

0268 

38 

0 

0 

0243 

39 

0 

0 

0220 

40 

0 

0 

0200 

41 

0 

0 

0182 

42 

0 

0 

0166 

43 

0 

0 

0151 

44 

0 

0 

0137 

45 

.0 

0 

0124 

46 

0 

0 

01  12 

47 

.0 

0 

0101 

48 

0 

0 

0092 

49 

.0 

0 

0084 

50 

.0 

0 

.0077 

37 

37 

37 

34 

28 


28 

27 

26 

20 

25 

25 


24 

24 

22 

21 

19 

19 


35 

30 

28 

25 

23 


12 
11 
1 1 
100 
88 


70 

08 

01 

55 

51 


47 

44 

41 

38 

34 


31 

28 

25 

23 

20 


18 

10 

15 

14 

13 


12 
1 1 

9 

8 

7 


A, 


104 

103 

103 

101 

101 


97 

94 

90 

88 

85 


82 

79 

76 

72 

69 

66 


64 

62 

61 

59 

57 

54 


52 

49 

45 

42 

38 


35 

33 

31 

29 

26 


24 

22 

20 

19 

180 


168 

154 

142 

130 

118 


i  =  27 


1.05 
1  03 
1.01 
0 . 984 
0 . 965 


0.920 

0.880 

0.839 

0.800 

0.703 


0.732 

0.701 

0.071 

0.641 

0.612 

0.584 


0.557 
0.531 
0 . 506 
0.482 
0.459 
0.437 


0.416 

0.378 

0.344 

0.313 

0.284 


0.258 
0.235 
0.214 
195 

177 


0. 161 
0.157 
0.  134 
0.  122 
0  111 


0.  101 
0.0920 
0  0840 
0.0767 
0 . 0700 


109  0 
99  0 
91 
84 
78 


73 

68 

64 

60 

56 


51 

46 

41 

37 

34 


32 

30 

28 

25 

23 

21 


0640 

0583 

0531 

0483 

0439 


0400 

0364 

0332 

0303 

0276 


0251 

0228 

0207 

0188 

0171 


0156 

0142 

0129 

0117 

0107 

0098 


A, 

»  =  28 

Aq 

A, 

i  =  29 

12 

1.17 

2 

12 

1.29 

12 

1  .  15 

12 

1.27 

11 

1  12 

12 

1.24 

106 

1.09 

o 

12 

1.21 

105 

1.07 

5 

11 

1.18 

100 

1.02 

44 

44 

41 

40 

34 

11 

1  13 

96 

0.976 

104 

1.08 

93 

0.932 

98 

1.03 

91 

0.891 

95 

0.980 

88 

0.851 

92 

0.943 

85 

0  817 

34 

33 

33 

32 

31 

30 

89 

0.906 

82 

0  783 

86 

0  869 

79 

0.750 

83 

0.833 

76 

0.717 

81 

0  798 

73 

0 . 685 

79 

0  704 

70 

0.654 

77 

0.731 

67 

0.624 

28 

27 

26 

25 

24 

22 

75 

0.699 

65 

0 . 596 

72 

0 . 668 

63 

0 . 569 

70 

0  639 

61 

0.543 

68 

0.611 

59 

0.518 

66 

0.584 

57 

0.494 

64 

0.558 

56 

0.472 

42 

38 

34 

32 

29 

61 

0.533 

52 

0.430 

57 

0.487 

48 

0.392 

53 

0 . 445 

45 

0.358 

49 

0.407 

42 

0.326 

46 

0.372 

39 

0.297 

26 

24 

oo 

43 

0.340 

36 

0.271 

40 

0.311 

33 

0.247 

37 

0.284 

30 

0.225 

20 

17 

34 

0.259 

28 

0.205 

32 

0.237 

27 

0.  188 

16 

15 

14 

13 

11 

30 

0.218 

25 

0  172 

28 

0  200 

23 

0  157 

26 

0.  183 

21 

0  143 

25 

0.  168 

19 

0.  130 

24 

0.  154 

18 

0  119 

10 

90 

86 

78 

73 

22 

0. 141 

170 

0  109 

20 

0.  129 

160 

0  1000 

180 

0.118 

147 

0.0914 

166 

0. 1080 

136 

0 . 0836 

153 

0.0989 

123 

0 . 0763 

67 

61 

55 

49 

44 

142 

0.0905 

113 

0  0696 

131 

0.0827 

104 

0  0635 

123 

0.0758 

97 

0.0580 

1  16 

0 . 0696 

92 

0.0531 

109 

0 . 0640 

87 

0 . 0487 

40 

37 

35 

33 

31 

102 

0 . 0589 

83 

0.0447 

95 

0 . 0542 

78 

0.0410 

88 

0.0498 

72 

0.0375 

82 

0.0457 

66 

0.0342 

76 

0.0418 

60 

0.0311 

28 

25 

23 

21 

19 

70 

0.0381 

55 

0  0283 

63 

0  0346 

51 

0 . 0258 

57 

0  0315 

47 

0  0235 

52 

(i  0287 

43 

0  0214 

48 

0.0202 

39 

0  0195 

17 

15 

14 

13 

12 

45 

0  0240 

36 

0  0178 

43 

0  0221 

34 

0  0163 

40 

0  0203 

32 

0.0149 

37  0  0180 

29 

0.0130 

34  0  0170 

26 

0.0124 

31  0  0155 

A,  t  =  30  A0 


37 

36 

35 

34 

33 

32 


31 

29 

28 

27 

26 

25 


46 

42 

38 

35 

32 


12 

11 

100 

91 

84 


78 

69 

62 

56 

51 


47 

44 

41 

39 

37 


35 

31 

28 

25 

22 


11 

11 

11 

104 

97 


94 

91 

88 

86 

83 

80 


77 

75 

72 

70 

68 

66 


64 

60 

57 

53 

50 


47 

44 

42 

40 

37 


33 

30 

28 

25 

23 


22 

21 

20 

190 

181 


165 

152 

140 

129 

119 


110 

103 

96 

90 

85 


80 

75 

69 

64 

60 


19 

18 

17 

16 

15 


141 
1 .39 
1.36 
1  33 
1.30 


1.24 
1 . 19 
1 .  14 
1.09 
1.04 


1.00 

0.960 

0.921 

0.884 

0.847 

0.811 


0.776 

0.743 

0.711 

0.681 

0.652 

0.624 


0.597 
0.547 
0.502 
0 . 460 
0.422 


0.387 

0.355 

0.326 

0.299 

0.274 


0.251 
0.230 
0.211 
0.  193 
0.  177 


0.163 
0.150 
0.138 
0. 127 
0.117 


107 

0979 

0898 

0825 

0759 


0699 

0645 

0594 

0547 

0503 


0.0461 
0.0421 
0 . 0384 
0  0351 
0.0322 


57 

52 

is 

44 

41 

38 


0.0297 
0.0273 
0.0251 
0  0230 
0  0211 
0.0193 


24 

92 


21 

19 

18 


A, 

i  =  31 

Ag 

12 

1.53 

12 

1.51 

12 

1.48 

3 

12 

1.45 

o 

12 

1.42 

6 

6 

12 

1.36 

6 

5 

11 

1.30 

1 1 

1.25 

11 

1.20 

11 

1.15 

5 

10 

1.10 

90 

1.05 

0 

50 

42 

38 

37 

35 

79 

1.000 

74 

0.958 

73 

0.920 

72 

0.883 

72 

0.848 

33 

32 

31 

30 

29 

28 

72 

0.815 

72 

0  783 

71 

0  752 

70 

0.722 

69 

0.093 

08 

0.665 

53 

49 

45 

42 

38 

65 

0.612 

61 

0.503 

58 

0.518 

54 

0.476 

51 

0.438 

35 

32 

30 

28 

26 

48 

0.403 

45 

0.371 

42 

0.341 

39 

0.313 

36 

0.287 

23 

21 

20 

18 

17 

34 

0.264 

32 

0 . 243 

30 

0.223 

28 

0.205 

25 

0.  188 

L5 

23 

0.  173 

H 

21 

0. 159 

L2 

20 

0.147 

u 

19 

0.130 

10 

19 

0. 126 

9 

0 

191 

0.  117 

182 

0.108 

00 

165 

0 . 0990 

81 

150 

0 . 0909 

73 

137 

0.0830 

07 

124 

0 . 0769 

01 

1 14 

0 . 0708 

50 

105 

0  0652 

59 

97 

0  0600 

49 

90 

0.0551 

40 

84 

0  0505 

49 

79 

0  0463 

38 

74 

0  0425 

34 

69 

0  0391 

30 

64 

0.0361 

28 

60 

0  0333 

27 

55 

0  0300 

25 

51 

0  0281 

23 

47 

(l  0258 

21 

44 

0.0237 

A. 


It 

11 

1 

1 

11 


L 

1. 

1( 

li 


1(. 

1(. 

11 

9li 

9d 

811 


8d 

811 

80 

78 

7f 

74 


71 

6! 

61' 

62 

59 


55 

51 

47 

44 

41 


38 

36 

34 

33 

31 


29 

27 

26 

24 

22 


20 

17 

16 

150 

141 


131 

124 

118 

112 

106 


100 

94 

87 

80 

73 


67 

63 

60 

57 

54 

51 


EVALUATION  OF  HEAT  EFFECT  ON  ORGANOLEPTIC  QUALITY 


551 


Table  15.3.  Value  ok  Function  Pc  ( Continued ) 
In  =  200 


552 


STERILIZATION  IN  FOOD  TECHNOLOGY 


Table  15.3.  Value  of  Function  Pc  ( Continued ) 

=  200 


0 

=  38 

Aq 

A, 

=  39 

Ay 

At 

=  40 

A„ 

A  i 

=  42 

Ay 

A, 

= 

44 

Ay 

A. 

=  46 

0. 10 

2.46 

Q 

14 

2 . 60 

Q 

14 

2.74 

28 

3.02 

29 

3 

31 

29 

3.60 

0.25 

2  43 

14 

2 . 57 

14 

2  71 

U 

28 

2 . 99 

29 

3 

28 

3 

29 

3.57 

0.50 

2.38 

14 

2.52 

14 

2 . 66 

28 

2.94 

29 

3. 

23 

o 

29 

3.52 

0.75 

2 . 34 

13 

2.47 

14 

2.61 

28 

2.89 

29 

3. 

18 

0 

29 

3.47 

1.00 

2.30 

8 

13 

2.43 

8 

14 

2.57 

8 

27 

2.84 

9 

29 

3. 

13 

D 

9 

29 

3.42 

1.5 

2  22 

13 

2.35 

14 

2.49 

26 

2.75 

29 

3. 

04 

29 

3.33 

2.0 

2.  14 

13 

2.27 

14 

2.41 

26 

2.67 

28 

2. 

95 

y 

29 

3.24 

2.5 

2.07 

13 

2.20 

7 

13 

2.33 

26 

2.59 

27 

2. 

86 

29 

3.15 

3.0 

2.00 

13 

2.13 

7 

13 

2 . 26 

25 

2.51 

27 

2. 

78 

28 

3.00 

3.5 

1.94 

6 

12 

2.06 

6 

13 

2  19 

7 

25 

2.44 

7 

26 

2. 

70 

8 

27 

2.97 

4.0 

1.88 

12 

2.00 

12 

2.12 

25 

2.37 

25 

2. 

62 

26 

2.88 

4.5 

1  82 

o 

12 

1  .94 

11 

2.05 

25 

2.30 

24 

2. 

54 

Q 

26 

2.80 

5.0 

1  76 

u 

12 

1  88 

10 

1.98 

25 

2  23 

7 

23 

2. 

46 

7 

26 

2.72 

5.5 

1.70 

12 

1  82 

10 

1.92 

24 

2  16 

23 

2 

39 

7 

25 

2.64 

6.0 

1  64 

12 

1.76 

10 

1 . 86 

23 

2  09 

23 

2. 

32 

24 

2.56 

6.5 

1.58 

o 

6 

12 

1.70 

6 

10 

1.80 

6 

22 

2.02 

7 

23 

2. 

25 

7 

24 

2.49 

7.0 

1  52 

12 

1.64 

10 

1.74 

21 

1.95 

23 

2. 

18 

7 

24 

2.42 

7.5 

1.47 

5 

11 

1 . 58 

o 

10 

1 . 68 

21 

1.89 

22 

2 

11 

A 

24 

2.35 

8.0 

1.42 

5 

10 

1.52 

o 

10 

1.62 

21 

1.83 

A 

22 

2 

05 

0 

23 

2.28 

8.5 

1  37 

5 

10 

1.47 

10 

1 . 57 

20 

1.77 

22 

I . 

99 

0 

23 

2.22 

9.0 

1  32 

5 

10 

1.42 

10 

1.52 

19 

1.71 

22 

i . 

93 

0 

23 

2.10 

9.5 

1.28 

4 

4 

9 

1.37 

4 

10 

1.47 

5 

19 

1.66 

5 

21 

i 

87 

5 

23 

2.10 

10.0 

1.24 

8 

9 

1.33 

9 

1.42 

19 

1.61 

10 

21 

i. 

82 

u 

22 

2.04 

11.0 

1 .  16 

9 

1.25 

8 

1.33 

18 

1.51 

in 

20 

i 

71 

10 

21 

1 .92 

12  0 

1  08 

8 

9 

1 .  17 

o 

8 

1.25 

16 

1.41 

Q 

20 

i 

61 

10 

20 

1.81 

13  0 

1  010 

70 

80 

1.09 

o 

8 

1  17 

15 

1.32 

o 

19 

i 

51 

9 

20 

1.71 

14.0 

0.944 

66 

63 

76 

1.020 

i  U 

67 

70 

1.09 

7 

15 

1.24 

7 

18 

i 

42 

8 

19 

1.61 

15.0 

16.0 

17.0 

18.0 

19.0 

0.881 

0.821 

0.765 

0.712 

0 . 662 

60 

56 

53 

50 

47 

72 

69 

66 

63 

60 

0.953 

0.890 

0.831 

0.775 

0.722 

63 

59 

56 

53 

49 

67 

67 

66 

64 

62 

1.02 

0.957 

0.897 

0.839 

0.784 

63 

60 

58 

55 

50 

15 

143 

133 

131 

129 

1.17 

1  .  10 
1.03 
0.970 
0.913 

7 

7 

60 

57 

53 

17 

16 

16 

150 

147 

i 

i 

i 

i 

i 

34 

26 

19 

12 

06 

8 

7 

7 

6 

6 

18 

18 

17 

17 

16 

1.52 

1.44 

1.36 

1.29 

1.22 

20.0 

21.0 

22.0 

23.0 

24.0 

0.615 

0.572 

0.532 

0.495 

0.461 

43 

40 

37 

34 

31 

58 

56 

54 

52 

50 

0.673 

0.628 

0 . 586 

0 . 557 
0.521 

45 

42 

39 

36 

33 

61 

60 

59 

57 

54 

0.734 
0.688 
0.645 
0 . 604 
0.565 

46 

43 

41 

39 

37 

126 

121 

115 

110 

105 

0.860 
0.809 
0  760 
0.714 
0.670 

51 

49 

46 

44 

42 

140 

133 

127 

121 

116 

i 

0 

0 

0 

0 

000 

942 

887 

835 

786 

58 

55 

52 

49 

46 

150 

138 

133 

128 

123 

1.15 

1.08 

1 . 020 
0.903 
0.909 

25.0 

26.0 

27.0 

28.0 

29.0 

0.430 

0.401 

0.375 

0.351 

0.329 

29 

26 

24 

22 

21 

48 

46 

43 

40 

37 

0.488 

0.447 

0.418 

0.391 

0.366 

31 

29 

27 

25 

24 

50 

47 

44 

41 

39 

0.528 
0.494 
0 . 462 
0.432 
0.405 

34 

32 

30 

27 

26 

100 

95 

91 

88 

84 

0.628 
0.589 
0 . 553 
0 . 520 
0.489 

39 

36 

33 

31 

30 

112 

108 

103 

98 

93 

0 

0 

0 

0 

0 

740 

697 

656 

.618 

.582 

43 

41 

38 

36 

35 

118 

113 

109 

105 

101 

0.858 

0.810 

0 . 765 
0.723 
0.683 

30.0 

31.0 

32.0 

33.0 

34.0 

0.308 

0 . 288 

0 . 269 
0.251 
0.234 

20 

19 

18 

17 

16 

34 

31 

29 

28 

27 

0.342 

0.319 

0.298 

0.279 

0.261 

23 

21 

19 

18 

18 

37 

36 

35 

33 

31 

0.379 
0  355 
0.323 
0.312 
0.292 

24 

22 

21 

20 

19 

80 

76 

72 

69 

66 

0.459 

0.431 

0.405 

0.381 

0.358 

28 

26 

24 

23 

22 

88 

83 

77 

72 

68 

0 

0 

0 

0 

0 

.547 

.514 

.482 

.453 

.426 

33 

32 

29 

27 

26 

97 

93 

90 

8C 

83 

0.644 

0.607 

0.572 

0.539 

0.509 

35.0 

36.0 

37.0 

38.0 

39.0 

0.218 
0.203 
0.189 
0.  176 
0.  164 

15 

14 

13 

12 

u 

25 

24 
23 

25 

21 

0.243 

0.227 

0.212 

0.198 

0.185 

16 

15 

14 

13 

12 

30 

28 

26 

24 

23 

0.273 
0 . 255 
0  238 
0.222 
0.208 

18 

17 

16 

14 

13 

63 

60 

56 

52 

49 

0.336 
0.315 
0.294 
0  274 
0.257 

21 

21 

20 

17 

15 

64 

61 

59 

57 

55 

0 

(1 

0 

0 

0 

.400 

.376 

.353 

.331 

.312 

24 

23 

22 

19 

17 

80 

70 

73 

7C 

6C 

0.480 
0.452 
0  426 
0.401 
0.378 

40.0 

41.0 

42.0 

43.0 

44.0 

0. 153 
0.  143 
0.133 
0.  124 
0.  116 

10 

10 

9 

8 

2( 

U 

If 

11 

If 

0. 173 
0.  162 
10.  151 
0.  141 
0.  132 

11 

11 

10 

9 

8 

22 

20 

19 

IS 

IS 

0. 195 
0.  182 
0.170 
0.159 
0.  150 

13 

12 

11 

9 

9 

47 

45 

43 

41 

3S 

0.242 
0  227 
0.213 
0.200 
0.  188 

15 

14 

13 

12 

11 

53 

52 

5C 

4S 

4f 

0 

0 

0 

0 

0 

.295 
279 
.  263 
.248 
.234 

16 

16 

15 

14 

14 

62 

57 

53 

5C 

47 

0.357 
0  330 
0.316 
0  298 
0.281 

45.0 

46.0 

47.0 

48.0 

49.0 

50.0 

0.108 
0. 101C 
0.0947 
0.0881 
0.082- 
0.0761 

if:72 

57 

56 

If 

15( 

14- 

13' 

12- 

11' 

0.  124 
10.116 
0  109 
)  0  102< 
r  0  095 
)  0 . 088' 

8 

7 

)  70 
69 

64 

17 

If 

If 

14< 

1 21 
13: 

0.141 
0  132 
0.  124 
0.116 
0.  108 
0.  102 

9 

8 

8 

8 

6 

3( 

3f 

3f 

3: 

3 

21 

0.177 
0.167 
0  157 
0  148 
0.139 
0.131 

10 

10 

9 

9 

8 

43 

4f 

3S 

3l 

3f 

34 

0 

0 

0 

0 

0 

0 

.220 

207 

195 

184 
174 
.  165 

13 

12 

11 

10 

9 

4f 

45 

44 

4C 

4'. 

41 

0  266 
0.252 
0.239 
0  227 
0.216 
0.206 

A,' 


301 
30) 
29  * 
29* 
29* 


2811 

27' 

27' 

27' 

27' 


27' 

27' 

27’ 

27’ 

27’ 

26- 


25  i 
251 
25i 
241 
231 
23! 


23 1 
23 
22 
21 
21 


20 

19 

18 

17 

16 


16 

16 

150 

147 

141 


132 

128 

123 

118 

113 


109 

105 

101 

97 

92 


89 

80 

83 

80 

77 


74 

72 

70 

67 

65 


63 

60 

5" 

54 

52 

50 


EVALUATION  OF  HEAT  EFFECT  ON  ORGANOLEPTIC  QUALITY 


553 


Table  15.3.  Value  of  Function  Pc  ( Continued ) 


554 


STERILIZATION  IN  FOOD  TECHNOLOGY 


Table  15.3.  Value  of  Function  Pc  ( Continued ) 

*1  =  200 


EVALUATION  OF  HEAT  EFFECT  ON  ORGANOLEPTIC  QUALITY 


555 


Table  15.3.  Value  of  Function  Pc  ( Continued ) 

*1  =  200 


-l~100  00  00  00  OOOOOOOCKO®  0  0.0. 


Table  15.4.  Value  of  Function 
P  q  =  P  h  +  qPc  'P 1  =  125 


<1 

WOWCC5 

iOOCCh 

CO  CO  04  04  D 

O  00  00  05  05 
—  04  00  05  00 

ID  ID  CO  CO  04 

04 

*-*04"t*iDr— 

CO  CD  CO  CD'  GO 

oo  05  r  -  r-  r- 

ID 

q  =  1.25 

S  ^  os  h-  <N  n  o 

__  .  t—  iD  CO  05  CO 

~  O  C5  ID  05  CO  05 

KSSSS?  3222^2 

..iD^CO-fCO'- 
^  00  CD  00  ‘D  r-  04 
*  1  ’~t  05  *D  C D  rf)  rf.  ^44 

fOOiCO 

< 

1  ~  <- 

CO  CO  04  r-. 

<1 

<T 

05  05  r—  04  04  CD 

Ol  ClMClM  CO 

’tMO't‘00  04 

’f  ’f  ^  CO  00 

‘D’f  OO’f  CO 

GO  00  CO  t-  -rf 

<a 

< 

00  -T  GO  CD  iD 

ID  CD  »D  »0  »D 

CO  CO  04  04  f 

2 

05  id  04  CO  ^ 

o  04  oo  oo  r- 
id  ID  CO  CO  »D 

04 

04 

O  00  05  o 

00  »D  04  CO  05 

oo  05  r-  r-  co 

ID 

© 

II 

cy 

id  d  »o  -r  o  co  -r 

’fiCO’f  CJD00 
Cl-to  04  CD  — « CD  iD  CO  04  «-* 

t-  too5co  o 

05  05  00  ID  CO  ^ 
04  04  ID  04  00  04  f- 
GO  05  -T  04  05  CO  00  -I"  O  CD  CO  CO 

04  *-•  05  ^  04  o  ^  ^  — i 

O  iD  05  CD  04  ©  -  ^ 

5.57 

9.77 

9.  19 

2.95 

5.56 

9.  170 

<  1840 

1516 

1139 

812 

440 

,  337 

1 

1 

Aij 

04  rn  ^ 

CO  04  04  •— 1  ^ 

<1 

<r 

C5  05  CD  04  —<  CD 

04  04  04  04  CO 

CO  CO  O  05  04 
^  ^  CO  —i  00 

ID  CO  O  O  ^  CO 

OOCCOON-t  rt« 

a 

<i 

00  ^  iD  »-• 

iD  CD  ID  ~1*  05 

CO  CO  04  04  CO 

04 

05  04  CD  00  CO 

O  04  r-  CD  ID 

ID  ID  CO  CO  r- 

o 

04 

oO  id  -r  co  co 
r—  id  05 

oo  05  r-  r-  05 

9  =  0.75 

05  04  t-*  O  00  iD  00 
O  '■f  05  CO  O  00  CO 
CO  ‘O  *t  O  IO  ^CD*TC004  ^ 

rf  00  01  r-  04  O 

t-  r-  oo  »D  r-  04  co 
^  00  ^  00  -f  O  04 
ID  CD  -t  00  O  04  r-  -t*  05  CD  CO  O 
GO  h-  ID  t-  *— i 

ID  ID  f-H  r-  co 

r-  o  r-  05  r-  o  »d 
04  05  id  04  oiN'f  or**r  01 

r-  05  co  04  f-i  — -  -h  »-h  ^ 

13 

9 

6 

3 

1 

0 

A>< 

C5  -T  05  ID  04  o 

<1 

r-  00  05  04  ID  o  ^ 

CO  04  i-H  *—•  <j 

©• 

<1 

05  00  r—  04  *“H  ID 

04  04  04  04  CD 

CO 

-*  04  O  **  05  04 
rf  Tf  CO  »-•  00 

-f-r  oO’t  04 
co  ao  t-  r-  Tf 

Cs 

< 

r-  o  05  f  id 

ID  CD  -r  cor¬ 
ed  CO  04  04  04 

CO 

SOOCOD  I  OOOIDN1D 

O  04  4—  >D  CO  I  MD00005 

ID  iD  CO  CO  05  1  00  05  r—  CD  ID 

00  Tf 

g  =  0.5 

?£»  r—  t—  t—  d  t—  id 
:* 04 1—  ^  05 r—  04 
r- oo  -*  o 50  ^  w  05 

ID  05-^  ^  O  .  . 

41 

34 

14 

44 

91 

0165 
( 1747 
1376 

1  946 

|  611 

277 

V  685 

05  CD  O  05  -f  05 
^  ^  04  ID  04  r-  CD 
50  O  O  ID  00  00  ^  2  2  ^  50  ^ 

00  H  CD  ID  CD  o 

CO  05  ID  CO  *-*  O 

a~f  asm h  o  _jj 

36 
28. 
18. 
1 1  . 
4. 

0 

,1 

O' 

< 

O  05  CD  04  04  04 

CO  04  04  04  I—  O 

CO 

co  co  —  -i*  oo  r- 

f  CO  04 

oo 

ID  CO  o  O  -r  »D 

GO  00  00  t-  1*  04 

rt< 

es 

< 

cd  r-  »  o  -r  r- 
»D  ID  -t  04  CO 

CO  CO  04  04  CD 

o 

r-  go  co  r  -  t- 
O^OWN 

ID  »D  CO  CO 

04 

4- 

CD  I  "  *D  ■  iD 
r-  -r  05  -Dr- 
oo  05  cd  cd  05 

9  =  0.25 

52  •>*  »  ?  ii<r<o 

ShIOMNC 
00  *  <N  ^ 

OOCINflO  O. 

23  id  D  r-  id  — <  r- 

^OCOONOCl 

J-k  r—  CO  O  iD  04 

00  1  CO  O  CO  O  ■  ’  rv-. 

05  05  r^  — ■  r-  o 

03 

.27 

.80 

.85 

.24 

.0425 

71704 

1381 

1006 

688 

340 

845 

04  05  ID  CO  C 

OOMOOiO-*  © 

O  1—  4—  O  ■**  O  Jt 

COCJMPH  <1 

<r 

29 

29 

27 

22 

11 

3629984 

•fCOOOD  00 

-t  rf*  CO  ~4 

05 

05 

04 

04 

00 

LDfOO-t  »D 

oooooor--r  id 

05 

05 

04 

rji 

350 

355 

240 

213 

91  X  10«  1 

<o 

o 

CD  ID  r-  04  ^ 

O  -  *0  G4  V 

ID  ID  CO  CO  ^ 

id 

875 

943 

685 

635 

38  X  10« 

o 

II 

05  05  05  04  O  O 

cd  05  -i*  oo  r-  co  co 

ID  -*  04  »-<  CD 

ID  05  *F  ^  »-«  ■' 

Tf  ID  r-  05  CD  00 
04  ID  05  CD  CO  04  CD 
00  CD  04  00  »D  04  CO 
00  CO  CD  ^  — 

05  CD  04  D  r-  & 

iDiDCOC’tCt^ 

_ _  ^  ^  rt<DC0O5CDC0 

00  CO  O  ‘D  O  >0  r-4 

•— i  rfi  O  00  O  v  ^ 

c-iooiomo  o 

OO  COOO ’t*  o 

ID  CD  r-OCO  o 

CCCJrHM 

Ob 

0. 1 

0  3 
1.0 
3.0 
10.0 

45.0 

01 
0.3 
1.0 
3.0 
10  0 

45.0 

HMOOO  o 

O  O  '  CO  O  ID 

_ — 

26 

30 

40 

556 


ICOWCC 

O’TC'fC: 

ci  xo  —  o 
^  _  o 


00  05  X  CO  CO 
lOCCCiC 
**  cc  co  **  *r 


NXOOHX 

^  ^  _  io  ci  x  40  -c 

£»ox^<x40^ 

O  N  ©  '  4C  H  |H 

|n  X  Cl  CO  |n  |n 

^  _  -  ,  .  _  IO  ^  40  Tf  d  H 

$2  ci  i-i  05  h-  40  ci 

40  Cl  05  ^  CO  Oh  h 

iSo^xS  ^ 

05NI0C0CI 

|n  |^  Cl  X  ^ 

co  cuo  r» 

COOONOO 


*-«  go  oo  in  *-• 
io  —  «c  cr.  co 

in  ^  go  os  »-* 

hNhhN 


^  -f  OJ  N  O  C 
^NWO>00^C 
£?  5  £?  ??  r-  *o  -h  go  lc  oo 

Cl  Cl  00  *-<  |n  CO  ,_,  r-t 


O0  CC  Cl  Cl  o 

IO  Tf  W  Cl  rH 


o  oj-t  ciin  in 

X  Cl  Cl  •—  |n  Cl 


N  i-C  C  N  C 
in 1-  in  »o  ~ 


o 

CO 


1*ClX»Ot>-  03 
CIC1«hQO  1-0 
Cl  Cl  Cl  Cl  *-h 


Tt*  io  r-*  r->  co 

O  CO  o  ^  o 
Cl  CO  o  ^  T 


CO  f  1C  «o  -f 
40  CO  ‘O  40  |n 
-I4  CO  CO  CO 


!  40  co  05  o  co 

I  CO  Cl  CO  '•T  tO 

zd  05  co  In  t- 


»o  *r  zd  oo  *-• 
HO^OOOI 


zd  40  CO  CO 
O  00  co  ^  Cl 


^  O  C  40  05 

in  In  co  40  r- 
Cl  Cl  Cl  Cl  Cl 


40  Tf  CO  CO 
— •  00  05  0 
HdHHCl 


In.  io  CO  Cl  x  X 
in.  cii^  -r  05  05 
In.  X  X  In.  CO  ON*fHQ0^C 
050540005  4flH«iH 

CO  t— '  05  On  ^ 

O-C'lXXf 
~  X  X  c  ^ 
f  X-f  05*f  0  40XOMOH 

CIC0Crf05  Ol^^  — 

*f  05  X  05*t  ^  - 

O  40  -f  CO  40  -f 
-C5CC5|n|n 

-r  05  co  i^  r*  Tf  ci  o  05  co  -t*  *-i 
«  o  in  x  a  x  ^  — 

C’fOXCI  x 
•fOiXXlN  O 

i-*  x  ci  -*  -r 

OXC  *f  Cl 

40  Tf  X  Cl 

< 

MOi-ClH  v— 

<1 

XNIOX^  ^ 

O00*fHN 

Mdd-||N  ci 

co  40  C  t-N  05  o 

NNN  *C  — '  o 

-f  Cl  x  40  CO  X 

Cl  Cl  f-H  O  CO  40 

Cl  Cl  Cl  Cl 

O  05  CO  -t  05  Cl 

O  CO  40  *-<  o 

Cl  Cl  Cl  Cl  Cl  i-« 

O  X  X  1^ 

cixoox 

H  ^  H  CC 

1455 

1059 

1342 

1417 

12850 

X  05  CO  »-*  40 

X^CIO  40 
co  05  co  co 

05  *-H  *0  CO  In. 
’fHXCI’f 

1^  —  XO 3  05 

HdHHH 

»o  -t*  co  05 

CO  CO  CO  05  ~ 


40  CO  O  05  05 
»o  CO  — ■ 


O  00  Cl  o  05  40  Cl 
00  CO  -*  f—  In  -T*  IO 
CO  ^  ^ 


00  CO  1*  Cl  40 
05  CO  05  |N. 


Cl  |n.  *— '  |^  CO 
In  4-0  Cl  — 


O  CO  00  Cl  rf  1.0  CO 

O  -r  Cl  c  -r  oo 


'  -*  In  »0  CO  CO  |n  ~ 


00  co  |n  Cl  O 
co  40  Tf  ci  co 
co  —  o  oo  cc  -r  ~ 


I  In  o  *—  40  00  »-< 

I  00  In.  40  CO  ^ 


»0  C5  CO 
|n  Cl  »— >  In  »0 


CO 

o 


GO  1  O  ■— '  Cl  co 

05  00  CO  14  Cl 


O  05  -t<  Cl  In  CO 

X  Cl  Cl  —  |^  Cl 

MOOSOO  o 

In.  |^  40  O 

^  ^  ^  ^  X 

X  Cl  In.  40  In.  05 

ci  ci «— >  o  co  40 

Cl  Cl  Cl  Cl  <— « 

—  O  40  40  X  Cl 
1-  1^  CO  40  —  c 
Cl  Cl  Cl  Cl  Cl  — 

oci  S^rco 

Cl  X  o  o  ~ 

H  ,H  00 

x  -r  03X0 

40  40  Cl  |^  |^ 

'f  CO  X  X  05 

ci  -r  -r  x  In. 

X  1  CO 

CO  05  CO  CO  40 

1748 

2100 

1825 

1889 

1831 

'■*  ci  io  co 

^  X  00  >0  40  -  «f 

N.  CO’  o  •»*  Cl  lO^WON^X 

'0  X  1-H  X  Hj 

CO  In.  |>.  Cl  fN.  o 
0-XIn050|n 
^  X  -T  4.0  In.  q  "t  Cl  03  CO  40 

S  H  C  X  *C  CO  ^  ^ 

87 

55 

41 

27 

04 

17 

1110 

1000 

808 

597 

371 

87 

96 . 03 
78.55 
57.49 
39.24 
20.35 

2.04 

t*CI  03XX  c 

O^ClH 

Noofl  ~  w  ^ 

-fOOOSTOCC  — 

OOO^COM  <\ 

JOOi-HX  —  CO  ry,  —  H 

222^^  2  o 

-r  x  x  co  co  40 
ci  ci  *— <  o  co  x 

Cl  Cl  Cl  Cl  —  io 

C5  05  cO  05  Cl 
Is*  CO  CO  »0  •  o 
Cl  Cl  Cl  Cl  Cl  — 

05  Cl  O  •” * 

HX0040 

HHHHN 

1453 
1049 
1310 
1339 
1 1080 

^  05  Cl  x  40 

X  O  O  Cl  05 
co  Cj  co  CO  X 

tN  X  X  -I*  -f 

1^  ^  X  X 

n  CO  CO  CO  ^ 

soxino 


3*-<  In^^ 


00  ^  |N. 

koocooonn 

frl  »o  CO  O  In  CO  H 


5  05  -r  ci 

5  ci  ci  — <  i^ 


Cl  co 

I4  05 


InX 
In  CO 


x 

§2 
co  r 


OOfOlO 
C3  X  -f  CC  X 
— '  05  CC  CO  Cl 


5*f  S* 

5  40  CO  c 


cc 

|  MCOSO) 

CO 

oo 

05 

In  1-  l-  !C  — 

|n 

05 

05 

05 

Cl 

CO  Cl  co  -H  x 

CO  CO  Cl  Cl  05 
Cl  CO  In  *H  <■? 

x  co  -r  co  — 


O  -t  o  05  x  40 
io  £:  ~  co 

00  O  05  |n  40  CO  -f 

»o  “I 


30Nh  „ 

s-ojy 

In 

X 

CO 


—  1*  X  —  w 

•o-r  o  ©  X 

^  CO  CO  CO  ^ 


^<HXH050IO 
Cl  Tf  x  CO  40  CO  X 

£  40  Cl  05  co  X  ~ 

o:m 


-t  -H  CO  Cl  c  Cl  40 
•O  Cl  x  05  »— i  CO 
CICOHXIOCOH 

oTH 


-fClX40N  r—t 

ci  ci  •— i  o  co  x 

Cl  Cl  Cl  Cl  .-v 


05  40  05  40 

ci  o  x  x  X 

co  05  40  40 

X 

X 


X  CO  X  O  CO 
X  XX  |n 

X  IO  Tt*  ZD  x 
05  |n  40  x  *— < 


■*  O  CO  »0  03 
£•  ^  co  io  — < 

Cl  Cl  Cl  Cl  Cl 


05 

05 

05 


CO  05  Cl  X  v 
-r  05  o  *-h  X 

ocox 

05 


05  x  CO  Cl  05  CO  *—• 
^  Cl  c  03  CO  tn 
’I'OaN^tC'i  M 


'Cl  CO  In.  IO  In. 
■“  ^  ~  — «  03 


102  5.10 


Table  15.4.  Value  of  Function  Pq  ( Continued ) 
Pq  =  Pk  +qPc  *.=150 


4 

x  ^  n  xin 
©©©©•-* 

XXNNN 

©NNCOC1 
©N  00  ©© 

©  ©CO  CO© 

CO 

<N 

©X©©© 

X  ©  X  ©  Tt< 
oo  ©  r-  !>.  © 

© 

q  =  1.25 

W©»OMSMC 

SS  to  UO  05  to  w 

r,oo-^-  "SSSSSSfc 

tonc^co-t  o * 21 2 ^ n 2 

©  ©  ©  «-<  ©  0> 
WWOOW  oSShSSS 

—  w -p oo  w  2  2  2 00  ^  M 

< 

2C 

15 

10 

6 

2 

0 

Ai- 

XXN  ■- 

<1 

4 

NSiOhh  N 

C4(M(MC4  -h  CO 

*-<  ©  x  n  x  x  I  ©  oo  -*  ©  •-<  o 

■^rfCOCO'-*  00  |n  |n  |n  ©  ^  rf« 

Qt 

<1 

X  N  X  X 
©  ©  ©  O  © 

XX  N  N 

CO 

00  ©  — •  ©© 

©  n  oo  r»  © 

©  ©  CO  CO  © 

IN 

©  ©  —  © 

N©NXS 

X©NNN 

© 

© 

II 

o* 

2  N  N  ©  ©  ©  -f« 
on  Z  ©  ©  ©  — »  ©  © 

$83$n  ©tC‘'5”'*  <N 

Ooonwm-ho 

2§So?5 

WOO  WOOS 
TfOOiO^f  ©  S  §  —  00  $<  M 

WOOst^Til 

CO  ©  ©  CO  '  ©  N>  1  V 

<1 

< 

38 

29 

19 

12 

5 

0 

Ai- 

4 

in  in  ©  ©  ©  © 

N  N  N  N  — •  CO 

©  ©  r-  ^  h*  in 

^  ^  CO  CO  -H  00 

©  x  ©  **  © 

tN  ©  rf  rt» 

o 

00  ©  CO  CO  © 
to  ©  ©  T»<  © 

CO  COOl  IN  — • 

IN 

x  oi  ©  ©  in 
©  N  In  ©  CO 
©  ©  CO  CO  co 
© 

<N 

X  ©  N  In  © 

©  ^  ©  © 

X  ©  In  IN  © 

g  =  0.75 

©  ©  ©  In.  ©  X  X 
CO  00  IN  ©  00  © 
r^©©©co  H©>tcoci  -h 
X  In  •-*  ©  N  © 

CO©©©  ©Nh- 
©  in  ©  in  co  ©  ** 

©  X  ©  *-i  ©  N  |n  rf  ©  ©  N  © 
N©^NO  ©  —  ^ 

©HNXOOl 
H  X  ©  X  ©  ©  X 
©  In  N  ©  X  N  |n  Tf*  ©  In  X  N 

©  |N  N  H  ©  ,-H  ,-H 

13 

9. 

6. 

3 

1 

0 

A,- 

©  Tf  ©  ©  iN  ©  7. 

--  <1 

In  X  ©  Cl  ©  © 

X  N  »— « »— <  <J 

©• 

<1 

©  —  '-  © 

Cl  Cl  Cl  M  h  |N. 

CO 

^<©XN|n  x 

n«  CO  CO  *-1  X 

©  X”^  ©  ^-  © 

NInN©^  © 

Ck 

<1 

In  ©  ©  X  © 

©  ©  co  in 

XXNNN 

tN  ©  ©  ©  © 

ON  ©>  ©N 
©©xxin 

X 

|N  1-H  X  X  © 

|N  ©  ©  X  © 

X  ©  In  ©  X 
© 

g  =  0.5 

oi  r-  — ■  ©  r-  n 
©CO-f©<N  O  ©  "^  00  ^  2 

^  ©  ©-r  ^  o  . 

l0  rH  ©  ©  co  © 

^  r — co 

©  X  X  ©  ©  — 1  ^  2  05  ^  71  ° 

fOClOMX  © 

ir,  X  ©  ©  ^  In  © 
S  ^  N  rji  N  <D  © 

©  © x ©  n  §^22^w2 

iN©-f-f©  ©7*^^ 

MOliOM-'  ©  ^ 

©  -r  ©  ©  ^  ©  ^ 

©NX--^  ©  ~ 

CCCM-h  <1 

©■ 

< 

00  |n  ©  ©  ©  © 

<N  Cl  Cl  (N  *“  © 

CO 

©  ©  in  oo  © 

-*  **  X  X  — <  In 

X 

©  X  -t4  ©  N 

NNIn©^  © 

a 

< 

C  N’t  CO© 

©  ©  rf  N  X 

CO  CO  IN  <N  © 

© 

NNCON© 

Oh©CO<N 
©  ©  CC  X  — 1 
© 
in 

©  In  -r  ©  |N 

In  -f  ©  ©  © 

X  ©o  ©  © 

Tf 

q  =  0.25 

SnmMMffiO 

i-eo»o- 

1/5 

JciCOCONO© 
S  ©  co  ©  in  ©  © 
woo-oo-  0^2®'°^ 
ooonOn  o  i 

^rHX’f  lONN 
"ONOCOCO® 

in^^©^  ?!^22ocor" 

©  Cl  N  X  Cl  ©  ,  ^ 

C4  ©  ©  CO  *“*  © 

00  00  00U5  —  o  ^ 

©  |N  In  ©  rf  ©  z 

X  N  i-h  -<  <* 

O' 

<1 

27 

27 

25 

21 

11 

3649984 

41 

40 

38 

32 

17 

8749918 

©  X  rf  ©  *-•  © 

|n  |n  |n  ©  © 

© 

N 

© 

-1 

356 

355 

240 

213 

91  X  10» 

« 

© 

©  ©  |n  N 

O  — '  »o  N  s/ 

©  ©XX 

-r 

© 

© 

©  X  ©  ©  *■* 

N-fXX^ 

x©©©  X 

X 

X 

© 

II 

Cr 

©  ©  ©  N  ©  © 

©  ©  «**<  oo  in  co  © 

—<  ©  IN  —I  © 

©  ©  **  2- 

(N  00  ©  CO  ©  ©  <j 

rf  ©  |n  ©  ©  X 
N  ©  ©  ©  X  N  © 
X  C  Cl  X  ©  N  X 
**  X  X  ©  "t  ^  ‘ 

©©N©|n^ 
©  ©  x  ©  ■**  2  ^ 
^©ecoi<ow 

XX©©©  ®  *-«  . 

h^i©hX  O  . _ 

oo  cooo  — 1  O  <g 

©  ©  |N  ©  X  ©  <1 

XC1HH 

Cfc 

0. 1 

0  3 
1.0 
3.0 
10.0 

45.0 

0.1 
0.3 
1.0 
3.0 
10  0 

45.0 

rHWOOO  O 
oo  —  wd  >o 

•  Tf 

•r» 

26 

© 

X 

40 

558 


00  0500 

OCOiOrt*  — 
d  CO  O  —  CO 
^  05 

00  CO  ^  OOd 

40  CT  CO  05  — 
rf  CO  00  ^  ^ 

CO  CO  05  40  d 

cocM-roo  — 

0  05  2  ^  °0 

1754 

2118 

1857 

1985 

2140 

_  05  10  01^0 

.  ,  _  _  giOONN^OC 

g^sn001000 

^CCCO  00  -H  H 

75  1:  !2  S2 >0 «  — ■  00 to 

-^00—40  40  ’f  HrHH 

00  O  00  O  O  CM 
_  -r  co  co  co  co  0 
Ol  co  O  —  r-_  ^  (^1  r->  —  r>.  in  oi 

oo^dt^oo 

O  O  GO  —  O  CO 

CO  N  40  O  -  N- 

lO-^COOl  -4  ^ 

iOO«f  040  — ^ 

JN.  CO  ^  CO  —  ^ 

05  40  CO  d  ^ 

co  »o  ^  co  0  ^ 

oooco-^d 

121 

120 

116 

104 

71 

120 

40  co  05  ^  05 
co  co  »o  •**  0  d 

C5  N-  CO  —  —  40 

O  O  O  05  40  40 

Ol  Ol  CM  —  — 

d  00  f>-  rt*  lO 

40  »o  -t*  CO  O  05 

d  01  d  Cl  d 

oo  -f  r-  o 

O  CO  -t*  O  M 
d  CO  ©  —  Cl 
—  —  —  —  C5 

CddOO'f 

10  O  40  40  CO 
rt«  coco rt«  co 

^  Ol  40  CO 

COCMCO-t*- 

cO'  05  co  r^. 

1752 

2114 

1846 

1952 

2031 

iO  Ol  ^  05  00  o 
™  ^  S  ^  &  CO  <N  h-  O 

£Sc$f:° 

05  05  40 

CO  0  00  CO  00  ^?MON?S 
n-  cm  40  0  -t*  —  ^ ;r<  ^ 

co  40  co  r>.  oi 
_ococ50or^co 
S2  ^  —  S  J2  2N  ooocort*  — 

N-  CO  —  GO  CO  — 

C  -f  o*t  d  — 

t>-  d  —  0  —  00 

40rfC0d 

40  ■<*  d  — 

OON  4OC0  — 

O  CO  Cl  CO  CO 

O  OOO  rt*  d 

121 

120 

115 

104 

71 

120 

40  CO  05  CO  Is-  40 

ro  co  40  ~r  0  go 

GO  N-  CO  —  —  '*t* 

O  O  O  05  40  40 

Ol  Ol  Ol  —  — 

co  ci  co  40 

40  40  ^  CO  O  05 

ci  d  d  d  d 

d  05  CO  ^  O 

OdCONCO 

MCOOOC 
^  ^  00 

^  00  05  05  40 

40  40  CO  —  40 
^  O  CO  Tt<  40 

—  —  —  —  CM 

CO  00  >0  40  05 
co  —  oi  co¬ 
co  05  co  r>.  co 

^“1  i-H 

1751 

2110 

1835 

1919 

1922 

^  05  O  N  Cl  lO 
^  ^  —  05  00  -*  05 

O  00  05  CO  05  CC  *t  O  N  *f  *f 

^COONC5  CO  —  —  — 

40  40  05  co  »o 

40  »o  —  oi  05 

—  r>.  05  0  —  40^oioi^^t^ 

—  40  05  CO  'rf  00  —  —  — 

ooooo»*t- 

40  -t*  -t*  CO  Ol  Ol 
40d-t*05Tt<  40  —  ooocoTf^- 

CO  CO  —  00  00  CO  —  — 

co  d  ci  00  co 
CINCdO  00 

»o  coo  0500  o  v‘ 

40  co  —  ^ 

d  N  O  N  CO  O  v  ‘ 

N40^fd-  f  ^ 

co-*f  s  —  y“ 

oor^4oco—  <^f 

00  O  05  —  d  d 

05  00  *0  r$*  d 

—  05  co  -r  o  o 

ci  -  -on  oi 

—  —  —  «-H  i— 1 

co  00  i>.  10 

C  CO  40  *t  0  00 
—————  d 

O-  N-  CO  —  —  10 

O  C  0  05  40  40 

01  oi  d  —  — 

^1*  ci  00  r>.  co  40 

40  40  CO  O  05  I 
d  d  d  ci  ci 

o  ©  *41 0  0 

OCIC'I't  40 

dcoooo 

MH--00 

CO  CO  00  05  0 

40  40  Cl  N  N 

co  co  co 

—  co  >o  CO 

CO  —  —  CO  Ol 

2  05  CO  CO  40 

05  co  -t*  40  ^ 
^OCIOO  — 

—  00  co  00 

—  d  —  —  — 

00  40  00  40  O 

Q  Ol  N  »f  O  CO 

05  05  CO  05  05  ^CCOON^CO 

—  —  G5COd  <M  ^  ^ 

C5  —  0  40  05  O 

O  O  CO  00  05  CO 

N»  "t  —  CO  ■-1*  ^  -r  d  05  O  CO  40 

Tf  05  —  CO  40 

CO»OCOdOI  — 

-  05  0  a  n  00 

CO  40  —  00  CO  0  ^  05  00  ^  w 

40  d  —  C5  CO  —  ^ 

05  0  O  40  — 

CO  Cl  —  05  O  05 

^  d  00  C©  00  O 

40  ^  CM  —  <] 

0  40  05  co  d  0  -- 

N»oeoci-  <] 

^  00  05  d  0  — 

GO  CO  rt*  CO  —  <1 

»o  oo  00  0  — 

05  N-  10  CO  Cl  1 

—  O  40  '■t  —  O 

Cl  Ol  -  O  N  CM 

^  ^  C5CO  00  40 

CO  CO  40  M*  0  00 

^  — •  —  —  —  d 

ooooco  — —  d 

O  O  O  C5  iO  40 

d  d  d  —  —  10 

CO  Cl  05  00  -t*  h, 

40  »o  -t*  CO  O  10 

ci  d  ci  d  ci  05 

05  <M  —  b  O 
-rcoO’t 

,-H  —  —  —  N- 

1453 

1648 

1315 

1341 

10975 

— 

—  05  — 10  d 

COOOCIN 

co  05  co  co  d 

1748 

2103 

1813 

1851 

17057 

oo  as  ocun  x 

05  05  n.  co  40 


mosns 
40  Cl  H 


nOOWOOCC 
*0  CO  O  N  CO  >h 


MOOIN 
00  00  OOCO 


*C  N  O  O  O  CO 
C  00  (N  r}<  lO  O 
CO  — I  05  CO  00  Cl 


00 * 
O  4OC0d  » 


hOC'J'h  cO 

WC'^ON  N- 

^  00 

05 
05 
05 


oor>.  —  «* 
Ci^OS  v 
^cooaA 


oo  oo  h-  ci 
’tHOOCO 

MCON'H'f 

CC  CO  -t*  CO  «~ 


00^1^10  05  10 

00  c£  40  ‘O  -t*  —  o 
r* 

40 

o 


CO  2:  ■■‘V  -T  <u 


oo 


r^05ci 

r>-  r>.  co  co  oo 


*-•  05  CO  CO  CO 

»0  CO  Cl 


*£  —  C©  —  05  Cl  O 
d  -t  CO  CO  40  00  CO 
—  40  Cl  05  CO  CO  — 


o  „ 
o 


40  CO  05 
CO  co  »o 


CO 

05 

05 

oo 

d 


C5  co  —  ^ 
OOOCiO 
d  MMhh 


00 

40 

05 

05 

rf 

40 


—  *i«co  —  w 
40-tooX 

**  GO  CO  CO 

^  ^  05 


00^C0OO5 
O  (N  M 


r>«  d  co  co  © 

<C  40  CO  Cl  -h 


"£  — '  00  Cl  CO  d  40 
40  C  1  rt<  00  05  IH  co 
Ol  oo  — I  00  40  OO  — 

orr* 


CO  00  40  Ol  — 

— <  co  co  40  o 
00  40  co  00 

05  f>.  40  CO  — I 


CO 

40 

05 


^oiccr^-r- 
40  40  r*<  CO  O 
d  d  d  Cl  Cl 


05 

05 

Ol 

40 

05 


C5  IO  05  40  .  . 

Cl  ©G©  00  X 

CO  05  40  40 

CO 

co 


05  O  »0  CO  — 
CO  r-H  O  r-H  CO 

O  -f  IO  CftCO 
00  to  ■«*  (M  ,_i 


05  CO  CO  Ol  05  CO  1-H 

3*  o  05 <m  _ 

or 


HCOOOO  o 
OO— 'COO  40 


HCOOOO 

o  o  — •  CO  o 


o 

»o 


o  05  Ol  oo  v  , 

^  oo-*  X 
r^ooooo 

hCIihmS 

05 

40 


Ol  CO  t>.  40  h* 
o  — <  — <  —  05 

O  00  Ol  rf«  lO 
05  t>.  40  OO  — 


o 

05 

40 

A 

o 

o 


— 'COOOO 

do 


coo  IO 

1-4  -P* 


HCOOOO  o 
OOhooo  IO 


o 

oo 


559 


Table  15.4.  Value  of  Function  Pq  ( Continued ) 
Pq  =  Ph  <lP  c  'P  1  =  175 
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15.4.  Value  of  Function  Pq  ( Continued ) 
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Table  15.5.  Values  of  Ph„  Pc„  and  P,  (Parameters  Used  in 

Solving  Problems) 
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Table  15.6.  Calculation  of  P ,  for  Problems  2,  3,  4,  5,  6,  and  7  ( Continued ) 
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♦Values  calculated  by  Eq.  (15.19). 
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*  Values  calculated  by  Eq.  (15.19). 
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percentage  destruction  of  the  nutritive  factor  which  is  brought  about  by 
the  process.  A  preferred  method  for  obtaining  the  percentage  destruc¬ 
tion,  however,  may  be  direct  mathematical  calculation,  using  a  formula 
derived  from  the  survivor  curve  applying  to  the  temperature  250°F. 
That  is  the  method  which  will  be  presented. 

Required  Information 

1.  At  least  two  survivor  curves  from  a  series  corresponding  to  that 
given  in  Fig.  15.3.  These  are  obtained  from  experimentation. 

2.  Slope  values  G  and  lag  factor  values  e  for  the  survival  curves  of 
item  1.  These  are  obtained  from  the  plotted  curves. 

3.  Heating  curve  for  the  product  at  the  given  point,  with  value  of  / 
(slope)  and  of  j  (lag  factor). 

4.  Retort  temperature. 

5.  Initial  temperature. 

0.  Cooling  water  temperature. 

7.  Length  of  process. 


Procedure 

1.  Calculate  the  value  of  i  by  means  of  (15.1),  in  which  T,  G,  and 
e  refer  to  a  survivor  curve  applying  to  the  temperature  T,  and  T',  G', 
and  e'  refer  to  a  survivor  curve  which  applies  to  the  temperature  7 ' . 


i  = 


t  -  r 


log  (GV)  -  log  (Ge) 


(15.1)* 


2.  By  the  method  of  a  problem  of  type  1,  2,  or  3,  Chap.  14,  calculate 
the  value  of  E  for  the  given  process  ( E  is  substituted  for  F,  and  i  is 

substituted  for  z ). 

3.  Find  S  by  (15.2). 


S  =  log-1  (\og  100e5  - 


(15.2) 


Note:  In  (15.2),  the  values  of  e5  and  Gt  are  taken  from  the  survivor  cuive  for 
the  temperature  250  F. 


riously 


*  Equation  (.5.1,  should  be  regarded  -  ■ ^ 


developed  by  Hall  [3]  to  represent  2  in  terms  of  I).  The  earlier  equation  was  express 
as  follows: 

T  -  7 


log  log  ,4)  -  l0B  (x,°"  ~  z  l0S  100 
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CALCULATION  OF  AVERAGE  DESTRUCTION  OR  SURVIVAL 
IN  THE  CONTENTS  OF  A  CONTAINER* 

Discussion  of  Principles 

It  frequently  happens  that  we  wish  to  determine  the  average  value 
hroughout  a  container  of  some  property  which  depends  upon  the  instan- 
aneous  temperature  or  upon  the  temperature  history.  We  shall  now 
ake  up  this  problem.  There  are  direct  methods  for  the  simpler  problems 
>f  determining  the  average  temperature  within  a  can  at  a  given  time 
ir  over  a  given  time  period.  These  methods,  which  were  discussed  in 
'haps.  6  and  8,  involve  the  integration  of  a  highly  complex  double 
nfinite  series  over  the  entire  volume  of  the  container.  While  in  this 
ategration  the  result  can  be  expressed  in  analytical  form,  the  problem, 
/hen  purely  analytical  methods  are  used,  of  averaging  quantities  which 
,re  functions  of  the  temperature  becomes  too  difficult  to  be  practicable, 
'he  method  about  to  be  described  enables  one  to  carry  out  the  integration 
f  complicated  functions  of  the  temperature,  using  a  combination  of 
raphical  and  mathematical  methods.  In  fact,  the  application  is  sur¬ 
prisingly  simple  and  is  readily  adapted  to  routine  calculations. 

In  developing  this  method,  we  first  take  cognizance  of  the  fact  that 
veraging  involves  the  summing  up  of  the  various  values  found  through- 
ut  the  can.  The  manner  of  summing  is  of  no  consequence  so  far  as  the 
nal  result  is  concerned,  but  it  is  ot  great  importance  with  respect  to  the 
ase  with  which  it  can  be  accomplished.  We  recall  from  calculus  that 
he  determination  of  the  moment  of  inertia  of  a  circular  disk  is  a  simple 


In  the  paper  describing  this  calculation  method,  which  was  presented  at  the 
astitute  of  Food  Technologists  Annual  Conference  in  1948,  the  average  E  value  for  a 
antainer  at  a  given  instant  during  a  process  was  represented  as  a  weighted  average 
F  the  E  values  lor  all  iso -j  regions  in  a  container,  and  this  weighted  average  E  value 
as  represented  as  being  a  direct  indicator  of  the  over-all  reduction  prior  to  the  given 
istant  in  the  quantity  of  the  vulnerable  factor  in  the  container.  C.  II.  Stumbo 
ointed  out  to  the  authors  an  error  in  this  correlation,  for  which  kindness  the  authors 
ish  hereby  to  express  their  deep  appreciation.  The  error  came  from  the  erroneous 
^sumption  that  a  weighted  average  E  value  for  the  iso-j  surfaces,  or  regions  in  a 
mtainer  is  the  same  as  the  E  value  corresponding,  on  a  survivor  curve,  to  the  over-all 
er  cent  survival  8  of  the  vulnerable  factor  (nutritive  or  other  factor)  in  the  contents 
con  ainer.  n  the  modified  method  shown  herein,  average  E  value  E  is 
efmed  as  being,  not  the  weighted  average  of  the  E  values  of  all  iso-./  regions  but 
.tually  the  £  value  which  corresponds  on  a  survivor  curve  to  the  over-aU  per ’cent 
viva  S  oi  the  vulnerable  factor  in  the  contents  of  the  container  This Over  all 

Z  ZZ7  reSUltS  WhGn  the  amount  of  lethal  heat  effective  m  the  container^ 
16  Weighted  avera-ge  of  the  amounts  of  lethal  heat  which  are  effective  in  H  o 
o-j  regions,  each  amount  being  expressed  as  a  nercent^e  ,  fl!  C  Jf10US 

sat  necessary  to  reduce  the  potency  of  the  vulnerable  factor  <>  S'  0i 

i  mathematical  terms  E,  =  Gb  log  (100e5/S).  1  f  &  PGr  CGnt  survlval- 
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matter  using  polar  coordinates,  but  with  rectangular  coordinates  a  great i 
deal  more  work  is  required.  A  similar  situation  exists  in  the  problem  at  I 
hand  A  happy  choice  of  coordinate  system  can  turn  a  distressing - 
t  i  culty  into  a  triviality.  Furthermore,  a  proper  understanding  of  the 
method  to  be  given  can  be  obtained  only  when  considered  as  an  appli-. 
cation  of  a  particular  coordinate  system. 

W e  sha11  consider  a  container  in  the  form  of  a  finite  cylinder  of  radius  a  i 

and  height  2b.  For  much  the  same  reason  as  a 
parallelepiped  is  often  called  a  brick,  we  shall  refer 
to  the  finite  cylinder  as  a  can.  A  cylindrical 
coordinate  system,  r,  d,  l,  is  most  frequently  used 
for  cans.  Assume  we  use  such  a  system.  But, 
then,  for  a  fixed  value  of  r.  say  r  =  rh  correspond¬ 
ing  to  a  cylinder  of  radius  rh  we  find  that  we 
must  compute  the  temperature  at  every  point  of 
the  cylinder  by  means  of  the  equation  of  the 
complex  double  infinite  series  or  of  some  similar 
equation.  The  same  thing  will  be  true  for  planes 
perpendicular  to  the  can  axis  such  as  l  =  h.  If  a 
set  of  planes  and  cylinders  is  assembled  in  the 
proper  manner,  we  can  visualize  a  set  of  cans 
nesting  one  in  the  other  as  in  Fig.  15.5.  This  is 
the  method  used  by  Stumbo  [15], 

He  says: 


If 


Fig.  15.5.  Symbolic 
representation  of  Iso-j 
surfaces  in  a  can. 


we  visualize  a  series  of  cylindrical  containers 
ranging  in  size  from  the  size  of  the  food  container  to 
the  size  of  a  short  piece  of  thin  pencil  lead,  we  can  picture 
this  decrease  in  severity  of  heat  treatment  from  outside 
to  center  of  the  mass  of  food.  If  the  containers  are 
considered  to  decrease  in  size  progressively  in  accordance 
with  a  uniform  decrease  in  length  and  diameter,  we  may 


picture  them  being  placed  one  inside  the  other  from  largest  to  smallest  such  that 
the  geometric  center  of  each  imaginary  cylindrical  container  is  common  with 
the  geometric  center  of  the  real  container. 

The  decrease  in  severity  of  heat  treatment  from  the  outside  to  the  center  of 
the  real  container  is  also  related  to  the  decrease  in  surface  area  of  the  imaginary 
cylindrical  containers;  and,  therefore,  it  is  related  to  the  decrease  in  number  of 
bacteria  from  outside  to  center  of  the  real  container.  It  should  be  noted  here 
that  the  relationships  pictured  are  not  exact;  but  their  divergence  from  the  more 
complicated  relationships  which  truly  exist  during  process  is  believed  to  be  so 
small  that  errors  induced  from  use  of  the  assumed  relationships  in  methods  ot 
process  evaluation  would  be  negligible.  The  true  relationships  could  be  visual¬ 
ized  by  picturing  the  imaginary  containers  gradually  changing  from  cylindnca 
in  shape  to  ellipsoidal  or  spherical  in  shape  from  outside  to  center  of  the  re 
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intainer.  Differences  in  container  size  and  shape  would  influence  these  rela- 
jnships,  but  the  total  influence  of  all  these  factors  is  believed  minor  and 
stifiably  neglected  in  the  following  consideration. 

We  can  start  at  the  center  of  the  original  can  and  go  outward  along 
ly  straight  line  until  the  can  wall  is  reached.  In  so  doing,  we  intersect 
ie  walls  of  the  imaginary  nested  cans.  Consider  a  given  imaginary 
„n.  It  has  a  certain  volume.  We  assign  a  number  to  this  can  equal 
i  its  volume  divided  by  the  volume  of  the  original  can.  This  number  is 
kind  of  volume  coordinate.  It  enables  us  to  associate  with  any  given 
laginary  nested  can  the  fraction  of  the  volume  of  the  original  can  which 
encloses.  Returning  now  to  the  center  of  the  can,  we  find  a  volume 
►ordinate  of  zero;  on  going  toward  the  wall  of  the  can  along  any  straight 
ie,  the  points  on  the  line  segment  between  the  center  and  the  wall  will 
tve  associated  volume  coordinates  from  zero  to  unity. 

This  type  of  coordinate  system  is  of  value  when  dealing  with  quantities 
dependent  of  position  in  the  can,  as  in  the  random  distribution  of 
tcteria  or  of  foreign  matter  in  homogeneous  or  nonhomogeneous  food, 
lima  beans  in  succotash,  etc.  When  dealing  with  quantities  dependent 
1  the  temperature,  the  system  as  described  by  Stumbo  loses  much  of  its 
due,  since  accurate  work  will  require  averaging  over  each  of  the  can 
irfaces.  In  the  above  quotation,  Stumbo  realizes  the  shortcomings  of 
iis  system.  We  shall  now  proceed  to  develop  the  coordinate  system 
ivisaged  by  him. 

It  is  known  that  the  temperature  inside  a  can  is  governed  by  (15.3). 


(15.3) 


Fuither,  it  was  shown  by  Olson  and  Jackson  [9]  that  within  a  conduc- 

m  heating  product  filling  a  given  can,  /  is  invariant  but  j  varies  accord- 
g  to  (15.4).* 


(15.4) 


oducts  was  presented  by  McConnell  [8]  in  1952.  Si 
Olson  and  Jackson  in  respect  to  conduction  heati 
1952  by  Hurwicz  and  Tischer  [5], 


ng  products  also  was  provided 
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with  a  fixed  value  of  g,  the  value  of  j  is  constant  on  any  given  isothermal! 
surface.  During  heating,  however,  the  isothermal  surfaces  are  conn 
tinuously  varying  in  position — moving  in  toward  the  center  of  the  can 
They  aie,  therefore,  scarcely  suitable  for  a  coordinate  system.  On  the 
othei  hand,  we  can  use,  instead,  surfaces  of  constant  j  value.  For  want 
of  a  better  name  we  shall  call  them  “iso -j  surfaces”  and  define  them  as 
the  imaginary  surfaces  within  the  can  so  drawn  that  each  point  of  a 
given  surface  is  associated  with  a  constant  j  value.  It  must  be  remem¬ 
bered  that  iso-y  surfaces  are  fixed  within  the  can  (in  contradistinction  to 
isothermal  surfaces),  but  at  any  instant  there  exists  an  isothermal  surface 
in  complete  coincidence  with  any  given  iso-7  surface. 


values  of  X. 

Having  defined  iso-7  surfaces,  we  proceed  to  the  next  step,  which  is  to 
determine  the  positions  of  these  surfaces  and  the  volumes  enclosed  by 
them.  In  (15.4),  let  r/a  =  x,  l/b  =  y,  and  set  j/j.  =  X.  Then  (15.4) 
may  be  written: 

X  =  1  =  Jo(R\x)  cos  7 r  |  (15-5) 

Js  2 

For  any  value  of  X,  there  exists  an  infinite  number  of  pairs  of  x,  y.  These 
pairs  are  the  coordinates  of  the  iso-7  surfaces  j/j.  =  X.  Figure  15- 
shows  the  traces  of  these  surfaces  in  the  upper-right-hand  quadrant  ot 
vertical  cross  section  containing  the  can  axis,  whi(  h  is  repiesente  y 
y  axis  of  the  chart.  In  this  chart,  the  origin  represents  the  center 
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Although  this  procedure  is  relatively  simple,  it  still  involves  plotting 
curve  and  determining  the  area  under  it.  Even  this  step  can  be  elimi- 
ated  at  the  expense  of  a  slight  loss  in  accuracy.  In  Fig.  15.7,  determine 
le  fraction  of  the  volume  under  the  curve  for  those  portions  where 
>  X  >  0.95,  0.95  >  X  >  0.85,  .  .  .  ,  0.15  >  X  >  0.05,  0.05  >  A  >  0. 
hese  fractions  determine  the  weights  to  be  assigned  to  the  values  X  =  0, 


Table  15.7.  Calculation  of  Average  Temperature  of  Food  in  a 
Container  in  a  Heat  Process  at  240°F  at  Instant  When  Temperature 
at  Critical  Point  Reaches  233. 5°F,  or  6.5°F  below 
Processing  Temperature 


(1) 

X 

(2) 

=  f/hx 

(3) 

Volume,  % 

(4) 
wt  % 

(5) 

(]h\  X  wt  % 

0 

0 

100 

15.71 

0 

0.1 

0.65 

69 

13.68 

15.4 

0.2 

1  .30 

51 

17.80 

23 . 1 

0.3 

1  .95 

38 

13.53 

26.4 

0.4 

2 . 60 

27 

10.41 

26.4 

0.5 

3.25 

19 

7 . 50 

24.4 

0.6 

3.90 

13 

5.32 

20.8 

0.7 

4.55 

8 

3.45 

15.7 

0.8 

5.20 

4 

1  .96 

10.2 

0.9 

5.85 

1.4 

.82 

4.8 

1  .0 

6.5 

0.0 

.09 

0.6 

Total . 

167.8 

g  =  1.678 


1,  etc.  Column  4  of  Table  15.7  gives  these  values.  These  are  the 
srcentages  of  the  total  volume  that  are  constituted  by  the  volumes  of 
e  respective  regions  which,  for  the  purpose  of  our  calculations,  are 
lied  iso-j  regions.  Now  we  can  get  the  desired  answer  directly  by 
ultiplying  the  entries  in  column  2  by  those  in  column  4,  adding  the 
oducts,  and  dividing  by  100  (see  column  5  of  Table  15.7). 

The  next  step  is  to  derive  a  method  of  calculating  either  the  percentage 
rvival  of  an  organoleptic  property,  or  a  nutritive  factor,  at  the  end  of  a 
ren  process  or  a  process  which  will  permit  a  given  percentage  of 
rvival  of  a  given  vulnerable  factor  within  the  contents  of  a  container 
e-senbe  such  a  method,  one  must  first  explain  the  derivation  of  the 
,  0  *•’  11 1  ■ 111  1  al>le  15.5.  The  derivation  of  these  parame 

di0cr,abed  tK>n  heaUng  P1'°dUCt  ,iUing  a  Cyl"ldrical  container  wdi 
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Equations 

Iso-j  sin  faces  are  useful  in  any  problem  where  a  property  depends  on 
the  temperature  or  the  temperature  history  within  the  can.  We  shall 
illustiate  the  method  with  several  applications  to  thermal  processes. 

Problem  1 .  Given: 


Retort  temperature  7\  =  240°F  /  =  62.5  inin 

Initial  temperature  T0  =  1S0°F  j  =  1.41 

I  =  60°F  F0  =  3.4 

Tc  =  80°F  2  =  18°F 


By  a  conventional  process  calculation  procedure,  we  find  that  t  =  69.7  min  and  i 
g,  =  6.5°F. 

What  is  the  average  temperature  after  heating  69.7  min? 


This  is  the  same  as  asking  what  is  the  average  value  of  q.  Equation  i 
(15.3)  may  be  written: 


gh\  =  j\I  log-1 


Since  j\  =  \js,  we  have 


(-?) 


(15.6)  t 


t 


Qh\  =  X jj  log-1  (  ~  (15.7) 


In  (15.7)  we  note  that  j„  /,  t,  and/  are  constants;  therefore  we  set 

ga  =  jj  log-1  jj  (15.8) 


and  write  (15.7)  in  the  simple  form: 


Qh\  —  X#  s 


(15.9) 


Therefore  gs  is  the  value  of  gh\  at  the  can  center,  for  which  X  =  1.  With 
the  aid  of  this  equation  and  Fig.  15.7,  a  difficult  mathematical  problem 
becomes  almost  trivial.  Computing  gs  from  (15.8),  we  get  gs  =  6.o^  as 
one  would  expect.  Now,  set  up  the  first  three  columns  of  Table  15T 
The  entries  in  column  3  are  obtained  from  Fig.  15.7.  Columns  1  and 
do  not  change;  they  are  the  same  for  all  problems.  Now  plot  0*x 
(column  2),  as  the  ordinate  scale,  against  the  volume  percentages 
(column  3),  as  the  abscissa  scale.  The  area  under  this  curve  divided  by 
the  unit  area  gives  the  average  g  value.  The  unit  area  is  that  enc  ose 
by  a  horizontal  line  through  g-  l,  the  x  axis,  and  the  two  vertical  lines 
at  per  cent  volume  =  0,  and  per  cent  volume  =  100.  In  this  case 
get  g  =  1.8,  and  since  g  =  T,  -  T,  the  average  temperature  is 

240  —  g  =  240  —  1.8  =  238. 2°F 
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e  can.  The  volumes  enclosed  by  the  surfaces  are  easily  found  by 
uaring  the  abscissas  of  the  curves  in  Fig.  15.6,  plotting  new  curves 
tween  y  and  the  squared  abscissa  values,  and  finding  the  areas  under 
ose  curves.  These  areas  will  be  proportional  to  the  volumes  in  ques- 
m.  Using  these  values,  we  obtain  the  ratios  between  the  volumes 
thin  the  iso -j  surfaces  and  the  total  volume  of  the  cylinder.  Plotting  X 
ainst  these  fractional  volume  values,  we  get  Fig.  15.7. 


;.  15.7.  Curve  showing  relation  between  volume  within  an  iso-j  surface  and  the 
ue  of  X  for  the  iso-j  surface. 


Before  proceeding  further  it  will  be  well  to  determine  whether  or  not 
imbo’s  cautious  conjecture  “differences  in  container  size  and  shape 
uld  influence  these  relationships  ...”  is  applicable  in  our  case, 
ice  we  have  plotted  the  fraction  of  the  can  volume,  the  size  of  the  can 
?s  not  influence  our  results.  The  complete  independence  of  our 
u Its  front  size  or  shape  of  the  container  is  evidenced  by  the  fact  that 
\  1IJtegrand  of  the  volnme  enclosed  by  an  iso-j  surface  is  r2/  =  a2bx2v 
1  the  total  volume  of  the  can  is  2 rra'-b.  The  ratio  of  the  two  is  inde- 
ident  of  a  orb.  1  herefore,  our  results  are  valid  for  any  size  or  shape 

We  can  now  think  of  the  iso-;  surfaces  as  constituting  a  volume  coordi- 
e  system  w.th.n  the  can.  Starting  from  the  center  where  1  and 

.  CC1"alst  zoro>  a,ld  S°ln8  toward  the  can  wall,  we  associate  with 
h  1SO-J  surface  a  number  equal  to  the  ratio  of  the  volume  enclosed 
that  surface  to  the  total  can  volume  enclosed 
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To  Calculate  Phs 


X  =  1 


x  =  o 


(15.10): 


1.  oxP,lX  is  calculated  for  each  value  of  gs  (the  value  of  g  for  the  slowest- 
heating  point,  which  is  the  critical  point)  in  Table  15.5  by  the  use  ot 
(15. 1 1)  and  (15.12). 

2.  The  values  of  co  are  obtained  by  dividing  the  values  of  wt%  in 
Table  15.7  by  100. 

3.  Calculate  values  of  g,lX  by  (15.9). 

4.  Development  of  Eqs.  (15.11)  and  (15.17).  [Space  does  not  permiti 
giving  the  derivations  of  basic  equations  (15.11),  (15.12),  (15.13),  and 
(15.14).] 


When  ghX  >  0.1°, 

When  ghX  <  0.1°,  Ax 
By  definition, 

By  definition, 

(15.12)  into  (15.14), 

Ax 


P h\  —  P hm  ~  P 


hw 


/!  i P h  o.i  .  Uj_  _  fY  iA„ 

ioo  e7x  '  loo- 

tv  =  -/(log  ghX  +  1) 

100  Ax 


P  h\  — 


fY  i 


Ph  0.1  P hw  ~ l- 


100 

fY  iEi 


tu 


From  definitions  of  Y i  and  En, 

Y  lEn 


(15.11) 

(15.12) 

(15.13) 

(15.14) 

(15.15) 


(15.16) 


(15.13)  and  (15.16)  in  (15.15), 


P  h\ 


=  Ph  o.i  —  F 


hw 


-  100 


log  ghX  +  1 
log-1  (30  A) 


(15.17) 


Equation  (15.17)  is  used  only  when  gh\  <  0.1°;  when  ghX  >  0.1°,  (15.11) 
is  used.  As  is  clear  from  (15. 10),  the  calculation  of  c oPhX  must  be  repeated 
for  each  value  of  X  (X  =  0,  X  =  0.1,  X  =  0.2,  .  .  .  ,  X  —  1)  for  eath  \au 
of  g„)  then  Phs  is  calculated  for  each  value  of  gs  by  (15.10).  In  making 
these  calculations,  the  values  of  Phm,  Phw,  and  Ph  o.i  are  taken  rom 
Table  15.2,  using  g  =  gh\,  g  =  JxA  and  g  =  0.1,  respectively. 

Illustrative  calculations  of  Phs  are  shown  in  Table  15.6. 


Note:  Explanation  ofPhUxi)‘To  calculate  the  values  of  Ax,  one  must  go  further 

than  to  calculate  Phm.  Phm  is  not  equal  to  Ax  when  jxI  is  less  thail  80  ’  aS  ‘ 

in  most  instances  in  these  problems.  A  correction  must  be  made  ^ 
from  each  of  the  calculated  Phm  values  corresponding  to  the  ghX  values 
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,.6,  a  value,  Phv>,  calculated  by  using  for  g  the  j\I  value  of  the  heating  curve 
r  which  the  calculation  is  made.  The  procedure  is:  (1)  find  j\I  (=  A;7)  for 
.  iso-;  surface,  (2)  calculate  Phm  for  the  iso-;  surface,  and  (3)  subtract  from  this 
e  Phw  value  for  this  iso-;'  surface. 

The  operation  is  expressed  mathematically  in  (15.18). 

Ph\  =  Phm  -  Phw  (15.18) 

This  correction  avoids  the  inclusion  of  the  extension  of  the  heating  curve  for 
e  iso-;  surface  in  the  region  prior  to  the  beginning  of  the  process  so  that  the 
|x  value  represents  only  the  period  of  time  which  is  included  in  the  process, 
gardless  of  where  the  vertical  line  representing  the  beginning  of  the  process  is 
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for  the  portions  of  the  curves  to  the  left  of  the  vertical  line  marking  the  beginning 
of  the  process  (the  broken  portions)  are  the  values  which  must  be  subtracted 
from  the  Phm  values  shown  in  column  6  or  from  the  Ph0.  ,  values  shown  in  col¬ 
umn  1 1  of  Table  15.6.  Each  P hm  and  Ph  o.i,  as  calculated,  is  shown  in  Table  15.6 
along  with  its  corrected  value  Ph\  (columns  7,  8,  and  14),  which  covers  only  the 
period  of  the  process.  For  instance,  in  Table  15.6,  the  Phm  value  of  38.2,  taken 
from  Table  15.2  for  gh\  =  0.65,  covers  the  heating  curve  from  g  -  80°to£  =  0.65° 
a  total  expanse  of  130.6  min.  Only  a  part  of  the  calculated  Phm  value,  viz.’ 
28.65,  applies  to  the  69.7-min  period  of  the  process  being  considered;  the  remain¬ 
ing  part,  viz.,  10.55,  applies  to  the  60.9-min  period  spanned  by  the  broken 
portion  of  the  heating  curve  shown  to  the  left  of  the  line  marking  the  beginning 
of  the  process. 

The  adjusted  Ph\  value  is  slightly  greater  than  the  actual  value  because  the 
calculation  method  assumes  that  the  temperature  of  each  iso -j  surface  rises 
instantaneously  at  the  beginning  of  the  process  to  the  temperature  represented 
by  its  j\I  value.  There  is,  of  course,  a  lag  in  this  rise  of  temperature,  as  indi¬ 
cated  by  the  curved  broken  line  L  in  Fig.  15.8. 


Peripheral  Surface.  For  a  point  oil  the  peripheral  surface  of  the  food 
in  the  container  (for  which  X  =  0),  calculation  of  Ph\  (here  designated 
as  Phn )  is  made  by  means  of  (15.19),  the  derivation  of  which  is  omitted 
because  of  space  limitations. 


To  Calculate  Pcs 


P 


hn 


=  100 


log  (ji/g*) 

log-1  (30/t) 

X  =  1 


Pcs  =  y  OxPeX 
x  =  o 


(15.19) 


(15.20) 


1.  C oPc\  is  calculated  for  each  value  of  gs  (the  value  of  g  for  the  slowest 
heating  point,  which  is  the  critical  point)  in  Table  15.5,  first  using 
Eq.  (15.28)  to  obtain  values  of  gc\,  then  using  g  -  gc\  to  obtain  values 
of  Pr\  from  Table  15.3. 

2.  The  values  of  co  are  obtained  by  dividing  the  values  of  wt%  in 


Table  15.7  by  100.  . 

3.  Development  of  (15.28).  [Space  does  not  permit  giving  the  deriva¬ 
tions  of  basic  equations  (15.21),  (15.23),  and  (15.25).] 

It  is  assumed  that  the  slope  of  the  cooling  curve  is  identical  with  that 
of  the  heating  curve.  It  is  assumed  also  that  jcuic\  (—  1.41wcx)  ig  ^ 
the  value  of  1.41wixx-  thus, 


1.41wc\  =  A1.41mxx 
nic\  =  Aw  xx 
mh\  =  —  </xx 

mc\  =  A(^i  —  gi,\) 


(15.21) 

(15.22) 

(15.23) 

(15.24) 


By  definition, 
(15.23)  in  (15.22), 
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!y  definition, 
15.24)  in  (15.25), 
et 

15.27)  in  (15.26), 


Qc\  lA  1 

Qc\  =  \^i(l  —  X)  +  X<?xx 

x  =  >Ai(l  —  x) 

Qc\  =  X  +  X^xx 


(15.25) 

(15.26) 

(15.27) 

(15.28) 


Note:  Calculate  values  of  gh\  by  (15.9). 

Illustrative  calculations  of  Pcs  are  shown  in  Table  15.6. 

In  the  calculations  of  Pcs  for  Tables  15.5  and  15.6,  values  of  Pc\  corresponding 
>  values  of  gc\  greater  than  50  were  obtained  by  extrapolation  in  Table  15.3, 
which  the  range  of  g  values  covered  is  from  0.1  to  50.  This  extrapolation  is  a 
Imparatively  simple  operation  since  curves  showing  the  relationship  between 
[  and  g  are  straight  lines  on  semilog  paper. 

o  Calculate  Ps 


(15.29) 


Calculation  Procedure 


The  piocedme  for  calculating  a  process  necessary  and  sufficient  to 
duce  the  potency  of  a  vulnerable  factor  in  food,  filling  a  container, 
om  k  units  to  ij  units  is  as  follows: 

1.  Expiess  the  number  ot  survivors  which  is  the  objective  of  the 
ocess  in  terms  of  percent,  e.g., 


(15.30) 


r - e  vaiuc  ui  og. 

3.  Find  Ps  by  (15.31), 


Ps  =  100  ^ 
fY ! 

4.  Using  the  value  of  Ps  from  (15.31),  find 
values  given  for  the  problem. 

5-  If  g$  >  0.1°,  find  t  by  (15.32). 

t=f\og3-l 

Qs 

3.  If  g8  <  0.1°,  find  t  by  (15.34). 

1  =  /(i«g  jl  +  1)  +  Wal 
Substituting  W,i  =  E,En  in  (15.33), 

1  =  /(log  jl  +  1)  +  En  (es 


(e,  - 


(15.31) 

g8  in  Table  15.5,  using  i  and 


(15.34) 


(15.33) 


(15.32) 
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Problems 


All  problems  apply  to  a  conduction  heating  food  in  a  cylindrical  container. 
All  processes  are  of  the  simple  type,  and  the  heating  curve  is  a  simple  logarithmic 
curve  (/  is  constant) ;  also,  c  =  /. 

Problem  2.  Calculation  of  the  length  of  process  that  is  necessary  and  suffi-i 
cient  to  reduce  the  potency  of  a  vulnerable  factor  in  food  filling  a  container, 
from  k  units  to  y  units  when  rl\  —  Tg  is  not  less  than  0.1°  (see  note  A,  page  581). i 


Specifications 

(1)  Product . 

(2)  Size  of  can . 

(3)  Slope  value  of  No.  1  survivor  curve . 

(4)  Lag  factor  of  No.  1  survivor  curve . 

(5)  Temperature  to  which  No.  1  survivor  curve  applies . 

(6)  Slope  value  of  No.  2  survivor  curve . 

(7)  Lag  factor  of  No.  2  survivor  curve . 

(8)  Temperature  to  which  No.  2  survivor  curve  applies . 

(9)  Number  of  units  of  vulnerable  factor  originally  present  in 

container . 

(10)  Number  of  units  of  vulnerable  factor  surviving  the  process 

in  the  container . 

(11)  Retort  temperature . 

(12)  Initial  temperature . 

(13)  Cooling  water  temperature . 

(14)  j  =  1.41 


Corn — cream  style 
No.  2 
G 5  =  152 
C5  =  LO 
T  =  250°F 
G'  =  515.2 
e'  =  1.0 
7”  =  220°F 

k  =  500 

y  =  220 

T\  =  250°F 
To  =  185°F 
Tr  =  70°F 


Find  process  t  necessary  to  reduce  the  population  of  the  container  from  k  to 
y  units  of  the  vulnerable  factor. 


Solution 


1.  From  existing  data,  find  /  =  62.5  min  for  No.  2  cans  of  cream-style  corn 

2.  Calculate  i  by  (15.1). 


T  ~  T' 

log  (GV)  —  log  (G 5C5) 


(15.1) 


3  T  _  T,  =  250  -  220  =  30°. 

4  Cr'e'  =  515.2  X  1.0  =  515.2. 

5.  GVs  =  152  X  1.0  =  152. 

6.  log  (GV)  =  log  515.2  =  2.7119. 

7.  log  (G6e5)  =  log  152  =  2.1818. 

8.  y/k  =  220  -s-  500  =  0.44. 

9.  Log  (GV)  -  log  (G5e5)  =2.7119 

10.  i  =  30°  0.5301  =  56.6.* 


-  2.1818  =  0.5301. 


*  The  value  of  i  for  a  given  vulnerable  ^ 
varies  in  different  media,  accordmg  to  .  trained  pcas  was  reported  os 

media.  For  example,  the  value  of  i  for  thiamine  1  «The  Thermal 

?5  8  by  C.  Edith  Weir,  University  of  Massachusetts,  m  a  thes.s  (ID  8), 

Stability  of  Thiamine  in  Strained  l'oods. 
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11.  Ss  =  100 1  =  100  X  0.44  -  44.0. 

12.  Find  Es  by  (15.35),  [substituting  Es  for  E  and  S,  for  S  in  (15.2)  and  trans¬ 
posing],  Es  =  G 5  log  (15.35) 

13  HXtes  =  100  +  44  o  =  2.273. 


14.  log  ^-5  =  log  2.273  -  0.357. 

15.  Es  =  152  X  0.357  =  54.27. 

16.  Find  Ps  by  (15.31),  Ps  =  100  (15.31) 

rp  _  990° 

17.  Y 1  =  log-1  ii — 7=-  =  log-1  0.5301  =  3.389. 

i 

18.  fYi  =  62.5  X  3.389  =  211.81. 

19.  Ps  =  100(54.27  -5-  211.81)  =  25.63. 

20.  =  Tx  -  Tc  =  250  -  70  =  180°. 

21.  In  Table  15.5,  find,  for  Ps  =  25.63,  i  =  56.6,  and  i/u  =  180°,  g,  =  6.88. 


Note  A:  In  Table  15.6,  it  is  seen  that,  when  i  =  56.6  and  =  180°,  all  values  of 
greater  than  about  77.9  give  a  value  of  g,  which  is  less  than  0.1°.  If  P,  (step  19) 
re  found  greater  than  //.9,  the  problem  would  be  solved  from  this  point  by  the 
;thod  of  Problem  3,  steps  21  to  33. 


22.  Find  t  by  (15.32),  t=f  log  (jl/g,). 

23.  /  =  Tx  -  To  =  250  -  185  =  65°. 


(15.32) 


24.  jl  =  1.41  X  65°  =  91.65°. 

25.  log  (jl  +  gs)  =  log  13.32  =  1.124. 

26.  t  =  62.5  X  1.124  =  70.3  min  =  length  of  process. 

3roblem  3.  Calculation  of  the  length  of  process  that  is  necessary  and  suffi- 
nt  to  reduce  the  Potency  of  a  vulnerable  factor  in  food  filling  a  container 
m  k  units  to  y  units  when  7\  -  T„  is  less  than  0.1°  (see  note  A,  page  582). 


Specifications 

)  Product . 

)  Size  of  can . 

)  Slope  value  of  No.  1  survivor  curve. 

)  Lag  factor  of  No.  1  survivor  curve 
)  Temperature  to  which  No.  1  survivor  curve  applies. 

)  Slope  value  of  No.  2  survivor  curve. 

)  Lag  factor  of  No.  2  survivor  curve. 

)  Temperature  to  which  No.  2  survivor  curve  applies 

container0'  °f  VulnCrable  ,actor  present  in 

)  Number  of  units  of  vulnerable  factor  surviving  the  process 
m  the  container .  pint  ess 


I  Retort  temperature . 

1  Initial  temperature . 

1  Cooling  water  temperature 
3  =  1.41 


Corn — cream  style 
No.  1 
G&  =  152 
e5  =  1.0 
T  =  250°F 
G'  =  515.2 
e'  =  1.0 
T'  =  220°F 

k  =  500 


V  =  176 
T  i  =  240°F 
T0  =  180°F 
Tc  =  70°F 
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Find  process  t  necessary  to  reduce  the  population  of  the  container  from  k  to 
y  units  of  the  vulnerable  factor. 

Solution 

1.  From  existing  data,  find  /  =  39  min  for  No.  1  cans  of  cream-style  corn. 

2.  Calculate  i  by  (15.1). 


T  -  T 

log  (G'e')  -  log  {Gbe Bj 


(15.1) 


3.  T  -  T'  =  250  -  220  =  30°. 

4.  G'e'  =  515.2  X  1.0  =  515.2. 

5.  Gbeb  =  152  X  1.0  =  152. 

6.  Log  {G'e')  =  log  515.2  =  2.7119. 

7.  Log  (<75e5)  =  log  152  =  2.1818. 

8.  y/k  =  176  *r-  500  =  0.3519. 

9.  Log  {G'e')  -  log  (G5eb)  =  2.7119  -  2.1818  =  0.5301. 

10.  i  =  30  -r-  0.5301  =  56.6. 

11.  Ss  =  100(2//*)  =  100  X  0.352  =  35.20. 

12.  Find  Es  by  (15.35)  Ss.  Es  =  Gb  log  ^-5-  (15.35) 

13.  100e5/&  =  100  -5-  35.20  =  2.84. 

14.  log  (lOOes/S.)  =  log  2.84  =  0.4533. 

15.  Es  =  152  X  0.4533  =  68.90. 

16.  Find  Ps  by  (15.31).  Ps  =  100 (E./fYi).  (15-31) 

17.  Yi  =  log"1  Tl  ~.22-  =  log-1  0.3533  =  2.256. 

i 

18.  fYi  =  39  X  2.256  =  87.984. 

19.  Ps  =  100(68.90  -5-  87.98)  =  78.31. 

20.  =  Tt  -  Tc  =  240  -  70  =  170°. 


Note  A:  In  Table  15.6,  it  is  seen  that,  when  i  =  56.6°,  all  values  of  I\  greater  than 
about  77.9  give  a  value  of  g.  which  is  less  than  0. 1  °.  Thus,  here  the  value  ol  g,  caniuv 
be  taken  from  Table  15.5.  If  P.  were  found  less  than  77.9,  the  problem  wou 
solved  from  this  point  by  method  of  Problem  2,  steps  21  to  26. 


21.  Use  (15.33),  t  =  /(log//  +  1)  +  ”  o  100 E7/' 


(15.33) 


22.  /  =  7h  -  To  =  240  -  180  =  60°. 

23.  jl  =  1.41  X  60°  =  84.6°. 

24.  Log  jl  +  1  =  1.927  +  1  =  2.927. 

25.  /(log//  +  1)  =  39  X  2.93  =114.15  24QO  gcaie  A. 

26.  In  Table  15.1,  interpolating  for  i  =  56.6,  find,  for  7\  - 

E{1  =  1.502  min. 

27.  W,x  =  E,En  =  68.90  X  1-502  =  103.49.  for 

28.  In  Table  15.5,  interpolating  for  i/o  =  170°  and  for  t  -  •  >  ’K 

g  =  0.1°,  Ps  o.i  =  77.90. 
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T  _ 990 

29.  L  =  log-1  1  .  =  log"1  0.3533  =  2.256. 

i 

30.  f\\P,  o.i  =  39  X  2.256  X  77.90  =  6,853.95. 

31.  =  6,853.95  -5-  6,890  =  0.99477. 

1  ()UAS 

32.  W.i  (l  -  )  =  1  °3.49  X  0.00523  =  0.54. 

33.  t  =  114.15  +  0.54  =  114.7  min  =  length  of  process. 

Problem  4.  Calculation  of  the  percentage  reduction  of  the  population  of  a 
ontainer  in  respect  to  individual  units  of  a  vulnerable  factor  when  Tla  —  Tga  is 
>t  less  than  0.1°  (see  note  A). 


Specifications 

1)  Product . 

2)  Size  of  can . 

3)  Slope  value  of  No.  1  survivor  curve . 

4)  Lag  factor  of  No.  1  survivor  curve . 

5)  Temperature  to  which  No.  1  survivor  curve  applies. 

6)  Slope  value  of  No.  2  survivor  curve . 

7)  Lag  factor  of  No.  2  survivor  curve . 

8)  Temperature  to  which  No.  2  survivor  curve  applies. 

9)  Retort  temperature . 

0)  Initial  temperature . 

1)  Cooling  water  temperature . 

2)  jo  =  1.41 

3)  Given  process . 


Corn — cream  style 
No.  2 
G5  =  152 
<?5  =  1.0 

T  =  250°F 
G'  =  515.2 
e'  =  1.0 
T  =  220°F 
T  ia  =  250°F 
T0a  =  185°F 
Tca  =  70°F 

to  =  1 15.0  min  at  250° 


Find  percentage  survival  S,  of  a  vulnerable  factor  in 
ntainer. 


the  contents  of  a 


lution 


1.  From  existing  data,  find  /  =  62.5  min  for  No.  2  cans  of 

2.  Calculate  i  by  (15.1). 


cream-style  corn. 


i  =  T  ~~  T' 

iog“(GV)  -Tog  {Gheh) 

h  T  —  T'  =  250  -  220  =  30°. 

1.  G'e'  =  515.2  X  1.0  =  515.2. 


3-  G5e5  =  152  X  1.0  =  152. 

).  log  {G'e')  =  log  515.2  =  2.7119. 
log  {Gt,e s)  =  log  152  =  2.1818. 

b  log  {G'e')  —  log  (G5e5)  =  2.7119  —  2.1818  =  0  53( 
>•  i  =  30  -  0.5301  =  56.6. 

0.  Find  gsa  by  (15.36).  gsa  =  jla  iog-,  t*y 


1.  I a  =  7\a  —  To*  =  250  —  185  =  65° 

2.  jla  =  1.41  x  65°  =  91.65°. 

3-  tjf  =  H5  4-  52.5  =  i.84 

4.  log-1  {-ta/f)  =  log-1  (-1.84)  =  0.0144. 

5.  g,a  =  91.65  X  0.0144  =  1.32. 


05.1) 


(15.36) 
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Note  A:  If  g»a  were  less  than  0.1°,  it  would  show  that  T\a  —  Tga  is  less  than  0.1° 

If  such  were  the  case,  the  problem  would  be  solved  from  this  point  by  method  of 
Problem  5,  steps  16  to  30. 

1G.  \pu  =  T ia  -  Tca  =  250  -  70  =  180°. 

17.  In  Table  15.5,  for  \pu  =  180°  and  t  =  56. 6,  find,  for  g,n  =  1.32,  PStt  =  . 
45.86. 

18.  Find  Esa  by  (15.37). 

Eaa  =  (15.37)  ‘ 

19.  Yu  =  log-1  Tla  ~.  22°°  =  log-1  0.5301  =  3.389. 

i 

20.  fYuPsa  =  62.5  X  3.389  X  45.86  =  9713.61. 

21.  Esa  =  9713.61  ^  100  =  97.14. 

22.  Find  S ,  by  (15.2),  S„  =  log-1  (log  100e5  -  (15-2) 

23.  log  (100e6)  =  log  100  =  2.0. 

24.  ^  =  97.14  -r-  152  =  0.6391. 

G  5 

25.  log  (100e6)  -  ^  =  2.0  -  0.6391  =  1.3609. 

CT5 

2(5  gt  —  i0g-i  1.3609  =  22.96  =  percentage  survival  of  vulnerable  factor  ini 
the  container. 

Problem  5.  Calculation  of  the  percentage  reduction  of  the  population  of  a 
container  in  respect  to  individual  units  of  a  vulnerable  factor  when  T\a  —  Tga  is 
less  than  0.1°  (see  note  ^1). 

Specifications 

.  Corn— cream  style 

(1)  Product .  No  j 

(2)  Size  of  can . .  =152 

(3)  Slope  value  of  No.  1  survivor  curve .  5  =  1Q 

(4)  Lag  factor  of  No.  1  survivor  curve . ; . .  ^  ‘ 

(5)  Temperature  to  which  No.  1  survivor  curve  applies .  =  515  2 

(6)  Slope  value  of  No.  2  survivor  curve .  1  =  L0 

(7)  Lag  factor  of  No.  2  survivor  curve .  .  _  220°F 

(8)  Temperature  to  which  No.  2  survivor  curve  applies . ^  =  240=p 

(9)  Retort  temperature .  tL  =  180°F 

(10)  Initial  temperature .  “  _  7q°F 

(11)  Cooling  water  temperature . 

P  “  141  <  =  157  1  min  at  240°F  (F„  =  42.25) 

(13)  Given  process. 

Find  percentage  survival  S.  of  a  vulnerable  factor  in  the  contents  of 
container. 

Solution 

.  .  ia  /•  i  f  %  min  for  No  1  cans  of  cream-style  corn. 

1.  From  existing  data,  find  /  =  39  nun  toi  ino. 

2.  Calculate  i  by  (15.1).  f  -  T'  (15-1) 

1  log  (G'e')  —  log  (GiCh) 
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3.  T  —  T'  —  250  -  220  =  30°. 

4.  G'e'  =  515.2  X  1.0  =  515.2. 

5.  G5e*  =  152  X  1.0  =  152. 

6.  log  (G'e')  =  log  515.2  =  2.71 19. 

7.  log  (Gbej)  =  log  152  =  2.1818. 

8.  log  (G'e')  -  log  (G6e6)  =  2.7119  -  2.1818  =  0.5301. 

9.  i  =  30  -f-  0.5301  =  5(3.6. 

10.  Find  Qsa  by  Eq.  (15.36).  gsa  =  jah  log-1  ( —  tjf )■  (15.36) 

11.  Ia  =  Tla  -  T0a  =  240  -  180  =  60°. 

12.  jaIa  =  1.41  X  60°  =  84.6°. 

13.  tjf  =  157.1  -4-  39  =  4.028. 

14.  log"1  (~tjf)  =  log'1  (-4.028)  =  0.000094. 

15.  gsa  =  84.6  X  0.000,008,2  =  0.008. 

Note  A:  Since  gsa  is  less  than  0.1°,  Tia  —  Tga  is  less  than  0.1°.  If  g,a  were  greater 
an  0.1°,  the  problem  would  be  solved  from  this  point  by  method  of  Problem  4, 
:ps  16  to  26. 


16.  Find  E,a  by  (15.38). 


Esa  — 


to  -  /(log  jala  +  1)  +  fYlaP,  0.1a 


Eila 


100 


(15.38) 


17.  In  Table  15.1,  interpolating  for  {  =  56.6,  find,  for  7\«  =  240°  on  scale  A 
la  =  1.502. 

18.  log//a  =  log  84.6  =  1.927. 

/(log  jaIa  +  1)  =  39  X  2.927  =  114.15. 
ta  —  /(log  jaIa  +  1  ) 

20-  - ^ - ’  =  42.95  -i-  1.502  =  28.60. 


Ei 


ila 


)i  v  i  Tia  ~  220°  , 

*!•  =  loS  1 - 1 -  =  log-1  0.3533  =  2.256. 

12.  iffla  =  Tia  -  Tca  =  240  -  70  =  170°. 

13.  In^  Table  15.5,  for  i/la  =  170°,  interpolating  for  i  =  56.6,  find,  for 
—  0.1  ,  Ps  o.ia  =  77.90. 

fY  i  p  0 

!4>  ~l0^  =  °-01  X  39  X  2.256  X  77.90  =  68.54. 

15.  Esa  =  28.60  +  68.54  =  97.14. 

16.  Find  Ss  by  (15.2).  S .  =  log'1  (log  100c5  -  (15  2) 

17.  log  (100c8)  =  log  100  =  2.0. 

!8‘  ^  =  97'14  152  =  0.639. 

19.  log  (100c6)  -  ~  =  2.0  -  0.639  =  1.361. 

Ooolr„or0.8''  1,361  "  22  96  "  PerCentage  survival  vulnerable  factor 


in 
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Problem  6.  Calculation  of  the  percentage  reduction  of  the  population  of  a 
container  in  respect  to  individual  units  of  a  vulnerable  factor  when  Tla  ~  T  a  y 
not  less  than  0.1°  (see  note  A). 


Specifications 

(1)  Product .  Com — cream  style 

(2)  Size  of  can .  No.  1 

(3)  Slope  value  of  No.  1  survivor  curve .  G&  =  152 

(4)  Lag  factor  of  No.  1  survivor  curve .  e5  =  1.0 

(5)  Temperature  to  which  No.  1  survivor  curve  applies _  T  =  250°F 

(6)  Slope  value  of  No.  2  survivor  curve .  G'  =  515.2 

(7)  Lag  factor  of  No.  2  survivor  curve .  .  e'  =  1.0 

(8)  Temperature  to  which  No.  2  survivor  curve  applies. ...  T'  —  220°F 

(9)  Retort  temperature .  T\a  =  240°F 

(10)  Initial  temperature .  Too  =  180°F 

(11)  Cooling  water  temperature .  Tca  =  70°F 

(12)  ja  =  1.41 

(13)  Given  process .  ta  =  70.4  min  at  240°F‘ 


Find  percentage  survival  Ss  of  a  vulnerable  factor  in  the  contents  of  the» 
container. 


Solution 


1.  From  existing  data,  find  /  =  39  min  for  No.  1  cans  of  cream-style  corn 

2.  Calculate  i  by  (15.1). 

T  —  T' 


i  = 


(15.1) 


(15.36) 


log  (G'e')  —  log  (Gsei) 

3.  t  -  T  =  250  -  220  =  30°. 

4.  G'e '  =  515.2  X  1.0  =  515.2. 

5.  Gbe,  =  152  X  1.0  =  152. 

6.  log  G'e'  =  log  515.2  =  2.7119. 

7.  log  G^es  =  log  152  =  2.1818. 

8.  log  G'e'  -  log  (r5e5  =  2.7119  -  2.1818  =  0.5301. 

9.  i  =  30°  4-  0.5301  =  56.6. 

10.  Find  g,a  by  (15.36),  gsa  =  jh  log"1  (  —  <«//)• 

11.  L  =  Tla  -  T0a  =  240  -  180  =  60°. 

12.  jala  =  1.41  X  60°  =  84.6°. 

13.  ta/f  =  70.4  4-  39  =  1.805. 

14.  log-1  (-ta/f)  =  log-1  (-1.805)  =  0.01567. 

15.  g,a  =  86.6  X  0.01567  =  1.32. 

AT  4  A  •  Tf  n  mprp  IpSS  tVlJUl  0  1°,  It  WOllld  sllOW  tllJlt  1  la  *  0<*  .  e 

If  trl  Z  :Z!Z  To^  would  1*  solved  Iron,  this  point  by  method  ol 
Problem  5,  steps  16  to  30. 

16.  yfixa  =  Tla  -  Tca  =  240  "  70  =  1  ^  ’  0  {  f  •  =  56  6  find,  for 

17.  In  Table  15.5,  interpolating  for  i/u  -  170  an(1  tor 

gsa  =  1 .32,  Psa  =  45.17. 

/}  1  at  sa 


-  Tna  is  less  than  0. 1 


18.  Find  E,a  by  (15.37),  E,a  - 


100 


(15,37) 
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T  —  220° 

19.  Yu  =  log-1  -  =  log-1  0.3533  =  2.26. 

X 

20.  fYuPsa  =  39  X  2.26  X  45.17  =  3,981.28. 

21.  Esa  =  3,981.28  4-  100  =  39.81. 

22.  Find  Ss  by  (15.2),  Ss  =  log”1  (log  100e6  -  (15.2) 

!  23.  log  (100e5)  =  log  100  =  2.0. 

24.  EJG&  =  39.81  4-  152  =  0.262. 

25.  log  (100e5)  -  S2  =  2.0  -  0.262  =  1.738. 

Cr5 

26.  Ss  =  log-1  1.738  =  54.70  =  percentage  survival  of  vulnerable  factor  in  the 
jntainer. 

Problem  7.  Calculation  of  the  percentage  reduction  of  the  population  of  a 
mtainer  in  respect  to  individual  units  of  a  vulnerable  factor  when  Tu  —  Tga  is 
jt  less  than  0.1°  (see  note  A). 


Specifications 

1)  Product . 

2)  Size  of  can . 

3)  Slope  value  of  No.  1  survivor  curve . 

4)  Lag  factor  of  No.  1  survivor  curve . 

5)  Temperature  to  which  No.  1  survivor  curve  applies 

6)  Slope  value  of  No.  2  survivor  curve . 

7)  Lag  factor  of  No.  2  survivor  curve . 

8)  Temperature  to  which  No.  2  survivor  curve  applies 

9)  Retort  temperature . 

0)  Initial  temperature . 

1)  Cooling  water  temperature. 

2)  ja  =  1.41 

3)  Given  process . 


Corn — cream  style 
No.  2 
Gb  =  152 
e8  =  1.0 
T  =  250°F 
G'  =  515.2 
e'  =  1.00 
T'  =  220 °F 
Tu  =  240°F 
T  0a  =  180°F 
Tca  =  70°F 

ta  =  69.7  min  at  240° 


Find  percentage  survival  S,  of  a  vulnerable  factor  in 
ntainer. 


the  contents  of  the 


lution 


1.  From  existing  data,  find  /  = 

2.  Calculate  i  by  (15.1). 


62.5  min  for  No. 


2  cans  of  cream-style  corn. 


i  = 


log  (Ghe6) 


3.  T  —  T'  =  250  -  220  =  30°. 

L  G'e'  =  515.2  X  1.0  =  515.2. 

5.  Gbe 5  =  152  X  1.0  =  152. 

3.  log  G'e'  =  log  515.2  =  2.7119. 
1-  log  G5e5  =  log  152  =  2.1818. 

3.  log  G'e'  —  log  G6e5  =  2.7119  — 
L  i  =  30°  0.5301  =  56.6. 


2.1818  =  0.5301. 


(15.1) 
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10.  Find  g,a  by  (15.36),  g,a  =  jaIa  log-1  ( -*„// ).  (15.36) 

11.  Ia  =  Tia  ~  Toa  =  240  -  180  =  60°. 

12.  jja  =  1.41  X  60°  =  84.6°. 

13.  ta/f  =  69.7  -r-  62.5  =  1.1152. 

14.  log-1  (-ta/f)  =  log-1  (-1.1152)  =  0.0768. 

15.  gsa  =  84.6  X  0.0768  =  6.50. 

Note  A:  If  g,a  were  less  than  0.1°,  it  would  show  that  7\a  —  Taa  is  less  than  0.1°.: 
If  such  were  the  case,  the  problem  would  be  solved  from  this  point  by  method  of* 
Problem  5,  steps  10  to  30. 

16.  i, a  =  Tla  -  Tca  =  240  -  70  =  170°. 

17.  In  Table  15.5,  interpolating  for  \f/Xa  =  170°  and  for  i  =  56.6,  find,  foi- 
gsa  =  6.50,  Psa  =  25.83. 

18.  Find  Eaa  by  (15.37),  Esa  =  (15-37) 

rp  _  990° 

19.  Fla  =  log-1  ila  .  =  log-1  0.3533  =  2.26. 

i 

20.  fYxaPsa  =  62.5  X  2.26  X  25.83  =  3,648.49. 

21.  Esa  =  0.01  X  62.5  X  2.26  X  25.83  =  36.48. 

22.  Find  S,  by  (15.2),  Ss  =  log-1  (log  100e6  -  ^)-  (15-2) 


23.  log  100e5  =  log  100  =  2.0. 

24.  Esa/G5  =  36.48  -  152  =  0.24. 

25.  log  100(7 5  -  ^  =  2.0  -  0.24  =  1.76. 

t Th 

2(j  ss  —  log-1  1.76  =  57.5  =  percentage  survival  of  vulnerable  factor  in  the 
container. 


Note:  The  average  F  value  for  a  can  is  found  by  following  the  method  of  Problem  21 
3,  4(  5;  6,  or  7,  exactly,  remembering  that  F  is  substituted  for  E  and  z  is  substitutes 
for  i  ’  If  Table  15.5  is  not  available,  from  which  to  obtain  values  of  and  P„  thest 
values  can  be  calculated  as  shown  in  Table  15.6,  taking  values  of  Ph  and  Pq  from 
Tables  14.3  and  14.8. 


The  values  of  F0,  E,  E„  and  &  for  Problems  1  to  7  are  recapitulated  m 


Table  15.8. 
Table  15.8. 


Valltes  of  Four  Important  Parameters  F0,  E, 
for  Problems  1  to  7 


E„  and  <S„ 


Problem 

1 

2 

3 

4 

5 

6 

7 

/ 

j 

To 

Tx 

t 

F  o 

E 

E. 

62  5 
62.5 
39 

62 . 5 
39 

39 

62 . 5 

1.41 

1.41 

1.41 

1  .41 
1.41 

1  .41 
1.41 

180 

1  85 

180 

185 

180 

180 

180 

240 

250 

240 

250 

240 

240 

240 

69.7 

70 . 3 
114.7 
115 
157.1 

70.4 
69.7 

3.4 

11.2 

19.5 

39 . 6 
31.3 

6.9 

3.4 

24.5 
35.4 
60.0 
75.0 
88.2 
31 . 1 
24.7 

54.3 
68.9 
97.1 
97.1 
39.8 
36  5 

S. 


44.0 
35.2 
23.0 
23.0 
54.7 
57 . 5 
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DISCUSSION 

Being  able  to  determine  the  value  of  Es  or  the  value  of  Sa  within  a  can 
provides  a  new  standard  for  comparing  severity  of  processes.  Heretofore, 
he  value  of  F  at  the  critical  point  in  a  container  was  used  as  a  rough 
Estimate  of  the  severity  of  a  process  from  the  standpoint  of  effect  upon 
luality.  This  evaluation,  however,  is  all  but  valueless  for  the  stated 
purpose,  for  two  reasons;  first,  F  is  related  directly  to  bacterial  destruc¬ 
tion  only,  and  not  to  either  organoleptic  or  nutritive  quality;  second, 
snowledge  of  an  effect  at  a  single  point  tells  little  about  the  average  of 
the  effect  throughout  a  mass  of  food  material.  Even  h  or  S,  which  refer 
to  destruction  or  preservation  of  nutritive  elements  and  organoleptic 
quality,  evaluated  for  a  single  point  in  a  container,  is  grossly  inadequate 
to  describe  these  effects  as  they  apply  to  the  entire  contents  of  a  container. 

For  instance,  a  115-min  cook  at  250°F,  used  in  Problem  4,  has  an 
F o  value  of  39.6  at  the  critical  point,  and  a  157.1-min  cook  at  240°F,  used 
in  Problem  5,  has  an  F0  value  of  31.3.  From  these  values,  it  might  be 
concluded  that  the  former  process  is  more  injurious  to  the  food  in  a 
No.  2  can  than  is  the  latter  process  to  the  food  in  a  No.  1  can;  however, 
we  find  that  the  two  processes  have  exactly  the  same  Es  and  Sa  values. 
It  is  interesting  to  note  that  E  values  for  the  center  points  in  these  two 
processes  are  75  and  88.2,  respectively,  which  values  could  lead  one  to 
a  conclusion  opposite  to  that  which  is  indicated  by  the  F0  values,  cited 
above. 

In  another  comparison,  the  processes  of  approximately  70  min  at  250° 
(Problem  2)  and  approximately  70  min  at  240°  (Problem  7)  for  cream- 
style  corn  in  a  No.  2  can  have  F0  values  of  11.2  and  3.4,  respectively, 
from  which  we  could  arrive  at  the  conclusion  that  the  process  at  250°  is 
almost  three  times  as  severe  as  the  process  at  240°.  We  find,  however, 
that  the  latter  process  has  only  30  per  cent  more  survivors  than  the 
former  process  (57.5  per  cent  compared  to  44  per  cent)  and  that  Es  for 
the  latter  process  is  only  33  per  cent  less  than  that  for  the  former  process 
(36.5  compared  to  54.3).  E  values  for  the  two  processes  are  24.7  and 
35.4,  respectively;  these  seem  to  indicate  a  relationship  between  the  two 
processes  which  is  quite  similar  to  that  which  was  indicated  by  the  &s 
values,  showing  that,  under  certain  conditions,  the  relationships  indi¬ 
cated  by  the  values  of  E  and  Ss  can  be  very  nearly  alike. 

These  comparisons  show  clearly  that,  when  one’s  objective  is  to  obtain 
knowledge  of  the  number  of  survivors  in  a  quantity  of  food  or  other 
substrate,  a  calculation  of  the  effect  of  the  lethal  energy  at  a  point 
location  is  inadequate  to  give  reliable  results. 

There  is  a  correlation  between  /  value,  F0  value,  and  retort  temper- 
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at  ure  in  respect  to  comparative  degrees  of  quality  deterioration  effected  I 
by  the  process,  which  the  evaluation  procedure  just  described  will  reveal  1 
without  the  necessity  of  going  through  lengthy  experimentation. 

The  results  given  here  provide  the  interesting  information  that  foodl 
in  a  No.  2  can  having  a  heating  curve  slope  value  of  62.5,  when  processed! 
for  70  min  at  240°F,  has  approximately  5  per  cent  greater  amount  of 
surviving  quality  elements  (57.5  per  cent)  than  similar  food  in  a  No.  1 
can  having  a  heating  curve  slope  of  39  when  given  the  same  process- 
(54.7  per  cent). 


Weighted  Average  E  Value 

Earlier  in  this  chapter  (page  569)  the  generic  difference  between  Es  and  I 
the  weighted  average  E  value,  E,  for  the  iso-j  surfaces,  or  regions,  in  ai 
container  was  described.  While  Es  seems  to  be  the  appropriate  valuer 
to  use  in  making  calculations  of  over-all  destruction  effect  of  heat  in  ai 
container,  the  calculation  of  E  is  of  interest  and  may,  at  times,  be  useful. . 
Consequently,  this  calculation  for  Problems  4  and  7  is  displayed  ini 
Tables  15.9  and  15.10,  respectively. 


(g  =  1.32;  jl 


(1) 

X 

(2) 

04 

0 

0 

0. 

157 

0 

1 

0 

237 

0 

2 

0 

178 

0 

3 

0 

135 

0 

4 

0 

101 

0 

5 

0 

075 

0 

6 

0 

053 

0 

7 

0 

035 

0 

8 

0 

020 

0 

9 

0 

008 

1 

0 

0 

001 

Table  15.9.  Calculation  of  E* 
=  91.65;  Ti  =  250;/  =  62.5;  i  = 


(3) 

(Jh\ 

(4) 

C o(jh\ 

(5) 

Ph\ 

(6) 

Eh\ 

0 

0 

54.3 

115.0 

0.132 

0.031 

50 . 1 

106.2 

0.264 

0 . 047 

46.9 

99.4 

0 . 396 

0.053 

44.5 

93.9 

0 . 528 

0.053 

40.9 

86.3 

0 . 660 

0.050 

38.0 

80.5 

0 . 792 

0 . 042 

35.8 

75.9 

0 . 924 

0 . 032 

34.0 

72.0 

1  .065 

0.013 

32.4 

68.7 

1.188 

0.010 

31.1 

65.9 

1  .32 

0.013 

30 . 0 

63.6 

for  Problem  4 
56.6;  Yx  =  3.39;  fY \  =  211.9) 


(7) 

(8)  | 

(9) 

(10) 

PcX 

Ec\ 

E* 

115.0 

18.05 

106.2 

25.17 

99.4 

17.69 

0.023 

0.05 

94.0 

12.69 

0 . 050 

Oil 

86.4 

8.73 

0.11 

0.23 

80.7 

6.05 

0.24 

0.51 

76.4 

4.05 

0.53 

1.12 

73.1 

2.56 

1  . 14 

2.42 

71.1 

1.42 

2.49 

5.28 

71.2 

0.57 

5.38 

11.40 

75.0 

0.08 

g  =  0.344 


E  =  97  06 


wt% 

~  Too 


Eh\  = 


*  E  is  the  weighted 


fYxP>\ 

L00 

average 


- p  _  fX£* 

E\  =  Eh\  +  Ec\  ffh\  =  *0.  “  TOO 

E  value  for  the  iso-j  regions  in  a  container.  See 


Symbols,  page  598. 


In  these  tables,  values  in  the  columns  headed  X,  «  g*,  »”d 

taken  directly  from  Table  15.6.  The  values  Ea,  E*,  U  and  , 
tively,  are  calculated  by  (15.39)  to  (15.42). 


EVALUATION  OF  HEAT  EFFECT  ON  ORGANOLEPTIC  QUALITY 


Eh\ 


E 


c\ 


fY \P  h\ 

100 

fViP* 

100 


E\  =  Eh\  +  Ec\ 
E  —  Zc oE\ 
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(15.39) 

(15.40) 

(15.41) 

(15.42) 


Columns  4  and  10  are  weighted  values  of  gh\  and  E\,  respectively.  The 
sum  of  the  values  in  column  4  is  the  weighted  average  g  value,  and  the 
sum  of  the  values  in  column  10  is  the  weighted  average  E  value  for  the 
iso -j  regions  of  the  container. 


Table  15.10.  Calculation  of  E*  for  Probleai  7 


(. g  =  6.5;;'/  =  84.6;  Tt  =  240;/  =  62.5;  i  =  56.6;  F,  =  2.26; /F,  =  141.3) 


(1) 

X 

(2) 

CO 

(3) 

gxx 

(4) 

(5) 

PhX 

0 

.0 

0 

.157 

0 

0 

32 

9 

0 

1 

0 

237 

0 

65 

0 

15 

27 

7 

0 

2 

0 

178 

l 

30 

0 

23 

26 

1 

0 

3 

0 

135 

1 

95 

0 

26 

25 

0 

0 

4 

0 

101 

2 

60 

0 

26 

22 

6 

0 

5 

0 

075 

3 

25 

0 

24 

20 

1 

0 

6 

0 

053 

3 

90 

0 

21 

18 

2 

0 

7 

0 

035 

4 

55 

0 

16 

16 

6 

0 

8 

0 

020 

5 

20 

0 

10 

15 

3 

0 

9 

0 

008 

5 

85 

0 

05 

14 

1 

1 

0 

0. 

001 

6 

50 

0 

01 

13 

1 

9  =  1.67 


(6) 

(7) 

(8) 

(9) 

(10) 

E 

nX 

Pc  X 

Ecx 

Ex 

CO 

Ex 

46 

49 

46 

.5 

7 

.  30 

39 

14 

39 

1 

9 

.28 

36 

88 

0 

015 

0 

.02 

36 

9 

6 

57 

35 

33 

0 

031 

0 

.04 

35 

4 

4 

77 

31 

93 

0 

063 

0 

.09 

32 

0 

3 

23 

28 

40 

0 

13 

0 

18 

28 

6 

2 

14 

25 

71 

0 

26 

0 

37 

26 

1 

1 

38 

23 

46 

0 

53 

0 

75 

24 

2 

0 

85 

21 

62 

1 

07 

1 

51 

23 

1 

0 

46 

20 

72 

2 

15 

3 

04 

23 

8 

0 

19 

18. 

51 

4 

39 

6 

20 

24. 

7 

0. 

02 

E  =  36.19 


CO 


wt% 

100 


Eh\ 


fYJ\x 

100 


Ex  =  Ehx  +  Ecx 


gx\  =  \g. 


*  E  is  the  weighted  average  E  value  for  the 
ymbols,  page  598. 


iso-;'  regions  in 


Ecx 


fYlPeX 

100 


a  container.  See 


A  most  interesting  peculiarity  can  be  found  in  studying  Tables  15  9 

■  t'l  mJTJUnCti°n  With  Fi*‘  15.7  and  Table  15.7  We  note  in 
ig.  15.7  and  Table  15.7  that  the  half-volume  point  occurs  when  X  s 

x“y  co2,:,. But  ;n  T:bies  15  9  “d  >5.ipo.  We  g^he"1;,';,-, 

ames  lo,  Ekx  corresponding  to  X  =  0.2:  99.4  and  30.88  respective^ 
he  corresponding  E  values  are  97.1  and  30  2  There  1,  „  *  y' 

me  no  reason  for  assuming  that  the  wdghtd  avemge  F  or  ,  TT 
container  is  the  same  as  the  E  or  F  value  of  the  lol  J") 

ivides  the  can  contents  into  two  equal  X  w  /  SU  whlch 

mjecture,  the  proof  would  be  difficult  to  cstab'isl‘,C  Tt  ‘”ake  SUCh  “ 

>r  ^  «“  ««  ^  circuit' 
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At  the  most,  we  would  make  use  of  this  value  of  Eh  to  furnish  rapid  but 
crude  estimates  of  the  average  sterilizing  value.  It  is  of  no  value,  for- 
instance,  in  determining  the  average  temperature.  Referring  to  Table; 
15.10,  we  find  gh  for  X  =  0.2  to  be  1.3°F,  but  the  value  of  g  is  1.7°F.  The; 
percentagewise  difference  is  large,  proving  that  the  average  temperature; 
of  the  contents  differs  substantially  from  the  temperature  of  the  iso-jr 
surface  which  divides  the  container  contents  into  two  equal  parts. 

Another  interesting  point  revealed  by  Tables  15.9  and  15.10  (col¬ 
umns  9)  is  that  the  point  of  least  lethal  effect  in  the  container  is  not  the* 
center  of  the  can  but  an  iso-j  region  away  from  the  center  approximately 
one-fifth  of  the  distance  from  the  center  to  the  outside  surface.  This; 
phenomenon,  which  was  discussed  in  Chap.  3,  is  caused  by  the  lag  ini 
cooling  which  occurs  at  the  center  of  a  container  filled  with  a  conduction  i 
heating  product.  In  process  calculations  on  such  products  by  the* 
method  of  Chap.  14,  it  is  obviously  correct  to  base  the  determinations  on  i 
heat-penetration  data  applying  to  the  indicated  point  a  short  distance* 
from  the  center  instead  of  on  that  applying  to  the  center  of  the  container. 
It  is  emphasized,  however,  that  this  conclusion  is  based  entirely  uponi 
distribution  of  E  value  in  the  container. 

As  another  example  of  the  application  of  the  method  described  in  this  • 
chapter,  we  will  solve  an  entirely  different  type  of  problem. 


Problem  8.  Suppose  we  have  a  product  in  a  No.  2  can  with  /  =  62.5  and  I 
j  =  1.4.  We  wish  to  give  this  a  240°F  process  having  an  F0  value  of  3.4.  This  - 
hypothetical  product  contains  a  substance  which  discolors  when  it  reaches  a  i 
temperature  of  237°F.  What  proportion  of  the  can  contents  is  discolored  after 

the  process? 

The  heating  data  are  the  same  as  for  Problem  7.  We  want  to  know  what: 
per  cent  of  the  can  contents  has  a  g  value  of  3  or  less.  Since  g  =  6.5,  we  find 
X  =  0.46  from  g\  =  \g.  Referring  now  to  Fig.  15.7,  we  find  X  =  0.4<>  corre¬ 
sponds  to  22  per  cent;  therefore  100  -  22  =  78  per  cent  of  the  can  contents  is  ■ 

discolored. 


The  extension  of  this  method  to  the  so-called  rectangular  cans  may 
be  made  using  data  given  by  Olson  and  Jackson  [9]  and  Olson  and 
Schultz  1101.  As  another  matter  of  interest,  related  to  the  preserva  10 
of  nutriiivi  quality,  attention  is  called  to  a  paper  entitled  “Pred.ctm 
of  Thiamine  and  Ascorbic  Acid  Stability  in  Stored  Canncc  0 
Freed  Brenner,  and  Wodicka  [4],  A  nomograph  is  presented,  by  means 
If  which  the  retention  of  nutrients  in  stored  foods  can  be 
This  nomograph  is  based  upon  data  which  are  expressed  in  curves  sun 
to  those  ot  Figs.  15.3  and  15.4  except  that,  in  the  curve*  P~«  ° 
storage,  the  time  is  expressed  m  months,  whereas  data  pertaining 
canned-foods  processes  are  expressed  in  minutes. 
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The  presentation  by  Freed  et  al.  is  a  noteworthy  approach  to  the 
application  of  the  method  presented  in  this  chapter  to  the  calculation  of 
the  loss  of  elements  of  nutritive  or  of  organoleptic  value  in  foods  during 
storage.  Calculations  of  this  kind,  taking  temperature  into  account, 
are  entirely  feasible,  with  slight  modifications,  to  the  procedures  pre¬ 
sented  in  this  book.  With  some  additional  modifications,  the  factor  of 
humidity  could  be  included. 

The  use  of  these  calculation  procedures  will  greatly  accelerate  the 
accumulation  of  knowledge  on  the  loss  of  the  desirable  factors  in  foods 
during  storage,  just  as  the  mathematical  methods  have  accelerated  the 
understanding  and  the  practical  application  of  sound  principles  in 
processing  foods  for  sterilization. 


The  authors  feel  that  a  paper  by  L.  Riedel  [13]  of  the  Institute  of  Food  Preserva¬ 
tion,  Karlsruhe,  Germany,  should  be  mentioned  in  connection  with  this  method 
>f  calculating  Es  and  S,.  Riedel  theorizes  soundly  and  extensively  on  the  benefits 
that  would  be  derived  in  the  form  of  greater  preservation  of  organoleptic  and 
mtritive  quality  in  heat-sterilized  canned  foods  by  improving  the  ratio  between 
leating  on  the  outside  and  in  the  center  of  the  container.  Riedel  presents  a 
ogical  approach  to  a  method  of  determining  the  combination  of  processing 
emperature  and  rate  of  rise  of  retort  temperature  to  produce  the  highest  degree 
'  P^eSerVatl0n  of  the  desirable  qualities  of  foods  having  various  heat-ccnductivitv 
oefheients.  He  presents  the  principles  upon  which  these  factors  are  correlated 
nd  develops  mathematical  equations  for  determining  the  course  of  temperature 
i  he  center  of  a  container.  Riedel’s  paper  is  recommended  for  reading  to  those 
ho  wish  to  obtain  a  full  understanding  of  the  principles  underlying  the  method 

"f“ZSuating  the  effect  of  heat  p™g  upon  the 

To  illustrate  the  result  of  following  Riedel's  recommendation  to  prolong  the 

effiz„  ri  er;,,rt:vhen  p~«  ^ 

’presented  tapf  M  ,°"  C“!CUlationS  of  "CT  survival  S.  for  the  can 
L  of  20  lad  50  min  ar”  “  ^  *°  “  Vi“Ue  °f  > 12 

tlbLS8  b;°Zi  t  tptcf^  LorZTing  come-up  time  for  kthai 

■ocess  time  to  42  per  cent  of  the  length  of  th  C°me'UP  Per,°d  is  ^uivalent  in 
te  of  the  product  is  such  that ^ 

“s  f^iSdPo^Tap n- under  tws 

lues  of  E  and  S  for  the  critical  rf'T  temperaJure  to  a  &ven  value  of  g,  the 
the  come-up  time.  are  changed  by  altering  the  length 

-a.riasc^  ‘o  *ow  the  effects  of 

^  The 

g  equals  6.88  (see  Table  15.6),  remains  constantwhwr  the  ^lengthnof  the1”  come-up 
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Table  15.11.  Calculation  of  Lethal  Rate  for  Thiamine  for  Outside 
Surface  of  Container  (/  -  02.5)  in  Process  with  20-  or  50-min 
Come-up  Time.  ( 7\  =  250°F) 


rn  • 

1  line, 

min 

T 

250  -  T 

250  -  T 

l 

E 

E 

t 

Cut  =  50  min 

Cut  =  20  min 

56.6 

1 

1 

200 

50 

0.884 

7.65 

0.131 

m 

3 

205 

45 

0 . 796 

6.25 

0.160 

12  y2 

5 

210 

40 

0.708 

5.10 

0.196 

16  % 

6% 

215 

35 

0.609 

4.06 

0.246 

20% 

8% 

220 

30 

0.521 

3.32 

O 

CC* 

o 

25 

10 

225 

25 

0 . 442 

2.76 

0.362 

29% 

11% 

230 

20 

0.354 

2.26 

0.443 

33% 

13% 

235 

15 

0.265 

1 .84 

0.544 

37% 

15 

240 

10 

0.177 

1  .50 

0.665 

43% 

17% 

245 

5 

0.088 

1 .22 

0.817 

50 

20 

250 

0 

0 

1  . 00 

1 .00 

Proportionality  factor  Cf  = 


E 


hn  20 


-  E 


or 


J  hn  60 


EhnOO  ~~  E  Ehn 


00 


E 


Table  15.12.  Calculation  of  E*  to  Take  into  Account  Slow 
Heating  of  Outside  Surface  of  Container  during 
20-mi n  Come-up  Time  (Problem  4) 


E\  for  0  come-up 
(Table  15.9,  col.  9) 


EhnOO  —  115.0 
106.2 

99.4 
94.0 

86.4 
80.7 

76.4 

73.1 

71.1 

71.2 
E  =  75.0 


E\  -  E  Cf(E\  -  E) 

(E\  -  75.0)  [0.9975(£x  -  75.0)] 


40.0 

31.2 

24.4 
19.0 

11.4 
5. 

1  . 

-  1 . 
-3. 
-3.8 
0 


39.9 

31.1 

24.3 
19.0 

11.4 
5.7 
1.4 

-1.9 

-3.9 

-3.8 

0 


E\ 20 

[0.9975(£’X  -  75.0)  +  75.01 


114.9 

106.1 

99.3 
94.0 

86.4 
80.7 

76.4 

73.1 

71.1 

71.2 
75.0 


0.157 
0.237 
0.178 
0 . 135 
0.101 
0.075 
0.053 
0.035 
0.020 
0.008 
0.001 


uE\n 


18.04 

25.15 

17.68 

12.69 
8.73 
6.05 
4.05 
2.56 
1.42 
0.57 
0.08 


Cf  = 


=  0.9975 


'  Eimoo  -  E  115.0  -  75.0 

ip  l  f  the  iso  7  region  in  a  container.  See  Symbols,  page 
*  E  is  the  weighted  average  E  value  for  the  iso-;  region  n  a 

time  is  altered.  This  assumption  is  justified  for  a  come-ur  time  not  longer 

20  min,  but  it  probably  is  contraty  to  fa  (  ,  „42  per  cent 

On  this  basis  a  calculation  is  made  to  test  the  validity  ol 

assumption.”  ,  .  j  |iie  iethal  value,  f°r 

The  first  step  in  the  calculation  procedure  come-up 

thiamine,  of  the  heat  applied  to  the  outside  of  the  container  g 
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time.  If  the  time-temperature  relation  for  the  retort  during  this  period  is  repre¬ 
sented  by  either  a  simple  or  a  broken  semilogarithmic  curve,  this  lethal  effect 
can  be  calculated  by  the  formula  method  of  Chap.  14.  If  the  time-temperature 
relation  of  the  retort  during  the  come-up  period  cannot  be  expressed  as  either  a 
simple  or  a  broken  semilogarithmic  curve,  the  improved  general  method  (Chap.  13, 
Problem  20)  should  be  used.  This  procedure  was  followed  in  the  calculation 
shown  in  Table  15.11  because  the  retort  was  assumed  to  have  a  uniform  rate  of 
rise  of  temperature  from  200  to  250°F  after  being  brought  to  200°  during  the 
first  minute  of  the  come-up  time.  The  rise  from  200  to  240°F  is  represented  as  a 
straight  line  on  linear  coordinate  paper,  and  there  is  just  a  slight  curvature 
between  240  and  250°F. 


Table  15.13.  Calculation  of  E*  to  Take  into  Account  Slow 
Heating  of  Outside  Surface  of  Container  during 


50-min  Come-up  Time  (Problem  4) 


E\  for  0  come-up 
(Table  15.9,  col.  9) 

E\  -  E 
(Ex  -  75.0) 

Cf(Ex  -  E) 
[1.025(£x  -  75.0)1 

Ex  so 

[1 ,0'25(Ex  -  75.0)  +  75.0] 

CO 

uEXbo 

EhnOO  ~  115.0 

40.0 

41.0 

116.0 

0.157 

18.21 

106.2 

31.2 

32.0 

107.0 

0 . 237 

25 . 36 

99.4 

24.4 

25.0 

100.0 

0.178 

17.80 

94.0 

19.0 

19.5 

94.5 

0.135 

12.76 

86.4 

11.4 

11.7 

86.7 

0.101 

8.76 

80.7 

5.7 

5.8 

80.8 

0.075 

6.06 

76.4 

1.4 

1.4 

76.4 

0 . 053 

4.05 

73.1 

-1.9 

-1.9 

73.1 

0.035 

2 . 56 

71 . 1 

-3.9 

-4.0 

71.0 

0 . 020 

1.42 

71  2 

-3.8 

-3.9 

71.1 

0 . 008 

0.57 

E  =  75.0 

0 

0 

75.0 

0.001 

0.08 

C/  = 


Ehn so  -  E  116  -  75 


=  1.025 


Ehn  00  -  E  115-75 

*  E  is  the  weighted  average  E  value  for  the  iso-,  region  in  a  container.  See  Symbols,  page  598. 


The  calculation  of  data  for  the  construction  of  thiamine  lethality  curves  for 
he  c°me-up  times  of  50  and  20  min  is  shown  in  Table  15.11,  according  to  the 
lethocl  of  problem  20,  Chap.  13.  The  lethality  curves  were  plotted  to  scales 

imve  ff/the  T  °"  “ea  °f  50  SqUareS'  The  area  be,leath  the  lethality 

f  [  20;'n"’  e»me-up  time  was  441  squares,  or  8.3  destruction  units  anil 

le  area  beneath  the  lethality  curve  for  the  50-min  come-up  time  was  1  102 
tuares,  equivalent  to  22  destruction  units.  ’ 

me°T“aslmedin  T^c/r  ‘°  ^  W°r‘h  42  per  Cent  of  its  holding 

f  holdfnv  Id  I  ’  6  C°m<Mlp  time  of  20  mi”  is  equivalent  to  8.4  min 

me.  “r^irrit  ^ 7J* \7tr'7:T"t2' min  of  ho"ii,,K 

Z5 pLLdt  nn5S“n  ,orTrUS''  hd°W™*  ' Mlowing"  the^otb! 

equivalent  to  one  destruction  unit.  Therefore,  with  holding 
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tunes  of  106.6  and  94  min,  respectively,  based  on  the  42  per  cent  assumption, 
the  E s 20  value  for  the  outside  of  the  container  in  the  process  with  20-min  come-up 
time  is  106.6  +  8.3,  or  1 14.9,  and  the  E,60  value  for  the  outside  of  the  container 
in  the  process  with  50-min  come-up  time  is  94  +  22,  or  116.  Therefore 
EhnOO  =  115,  Ehn20  =  114.9,  and  EhnbO  =  116. 

The  alteration  of  the  E\  value  for  each  iso -j  surface  within  the  container  is 
calculated  by  applying  a  proportionality  factor*  to  the  difference  between  the 
E\  value  of  the  given  iso-j  surface  in  a  process  having  instantaneous  come-up 
and  the  E  value  of  the  center  of  the  container.  The  proportionality  factor  is 
assumed  to  be  valid  because/,  for  the  container  of  food,  is  constant  for  all  retort 
temperatures.  This  calculation  for  the  process  having  a  come-up  time  of  20  min 
is  shown  in  Table  15.12  and  for  the  process  having  a  come-up  time  of  50  min 
is  shown  in  Table  15.13.  In  each  case,  values  of  E,  Es,  and  Sa  are  calculated 
by  the  methods  used  in  obtaining  the  values  shown  in  Table  15.8. 

When  the  values  of  E  in  Tables  15.12  and  15.13  are  compared  to  that  in 
Table  15.9,  these  calculations  seem  to  indicate  that  no  advantage  is  gained  in  the 
preservation  of  nutritive  factors  by  increasing  the  length  of  come-up  time  in  the 
canned-foods  process  unless  the  come-up  time  is  lengthened  to  the  point  at 
which  a  temperature  having  lethal  value  of  considerable  magnitude  is  attained 
in  the  center  of  the  container  before  the  end  of  the  come-up  time.  If  the  assump¬ 
tions  of  the  calculation  procedure  are  valid,  this  condition  makes  the  come-up 
time  equivalent,  in  holding  time,  to  more  than  42  per  cent  of  the  length  of  the 
come-up  time.  Except  when  the  initial  temperature  of  the  container  is  unusually 
high,  this  condition  probably  would  not  be  attained  unless  the  come-up  time 
were  at  least  as  great  as  the  slope  value  /  of  the  heating  curve  of  the  container. 


SUMMARY 

A  method  of  predicting  the  retention  of  wanted  quality  attributes 
during  a  process  involving  the  subjection  of  food  or  of  biologies  to  an 
application  of  lethal  energy  is  ol  great  importance  in  studies  ot  the 
nutritional  properties  of  foods  or  the  therapeutic  properties  ol  biologies. 

A  mathematical  method  of  arriving  at  such  predictions  on  a  scientific 
basis,  when  the  distribution  of  lethal  energy  is  not  uniform  throughout 
the  mass  of  the  substrate  (food  or  biologic)  is  developed  in  (’hap.  15. 
The  method  consists  of  an  integration  of  the  lethal  effects  of  the  process 
in  all  portions  of  the  substrate.  The  calculation  is  effected  essentially 
by  first  applying  one  ot  the  critical-point  calculation  procedures 
Chap  14  to  all  points  individually  within  the  mass  of  the  substrate 
then  integrating  the  results.  In  this  way,  the  composite  percentage  ot 

survival  of  the  quality  attribute  is  determined. 

Like  the  procedures  of  Chap.  14,  those  of  Chap.  15  are  presented 

E, 


Eh, ,20  ~~E  UhnbO 

*  The  proportionality  factor  (  f  =  01 


lUO 


E 


_ -  E 

Ehnon  E 


EVALUATION  OF  HEAT  EFFECT  ON  ORGANOLEPTIC  QUALITY 


597 


“all  booted  and  spurred/’  so  as  to  make  their  manipulation  purely  a 
matter  of  mechanics. 

The  fact,  mentioned  in  Chap.  14  and  earlier,  is  again  stressed  that 
intelligent  use  of  these  calculation  procedures  requires  a  background  of 
experience  in  carrying  out  processing  operations — also  an  understanding 
of  principles  governing  the  quantitative  aspects  of  the  action  of  lethal 
energy.  The  authors  wish  to  point  out,  however,  that  the  part  of  a 
calculation  which  must  be  done  by  one  possessing  these  qualifications  is 
the  assignment  of  values  to  the  parameters  involved.  After  that  is  done, 
the  mathematical  manipulation  can  be  carried  to  a  satisfactory  con¬ 
clusion  by  anyone  who  can  make  algebraic  computations  by  rule  of 
thumb  and  use  a  table  of  logarithms.  But  after  the  results  are  calcu¬ 
lated,  their  intelligent  interpretation  again  demands  a  degree  of  under¬ 
standing  of  the  principles  involved,  which  is  attainable  only  through 
experience  in  processing  and  through  study  of  those  principles. 

Workers  will  find  that  the  mathematical  procedures  for  evaluating 
processes,  when  used  as  demonstrated  in  Chaps.  14  and  15,  will  produce 
accurate  predictions  of  the  effects  of  lethal  energy  processes  on  foods, 
pharmaceuticals,  and  other  complex  substances  with  great  saving  in  time 
and  effort  from  what  would  be  required  were  the  determinations  made 
by  experimental  assay  methods. 


SYMBOLS 

In  the  following  definitions,  the  symbols  are  applied  to  nutritive  elements  On 

he  basis  of  the  assumption,  however,  that  the  destruction  of  nutritive  elements  by 

eat  takes  place  at  rates  corresponding  closely  to  rates  of  destruction  of  organoleptic 

iua  dies  by  heat  it  seems  logical  to  apply  the  definitions  to  organoleptic  qualities 
is  well  as  to  nutritive  elements.  p  qualities 

Length  of  radius  of  a  finite  cylinder,  of  contents  of  which  average  temperature 
is  to  be  determined.  See  Chap.  5.  temperature 

One-half  length  of  longitudinal  axis  of  a  finite  cylinder  of  which  average 
temperature  is  to  be  determined.  See  Chap.  7.  ^ 

;  pfe/r  i/Zod1”'1,  hCat  nCCeSSary  '°  redUCe  pote"cy  °f  »  vulnerable  factor 

rsri  =r  sz~~i£2=r 

curves  have  slope  value  1,  t  =  1,  je  =  i  4i  „nr,  r  ,  ,g  *nd  coolme 

given  for  process.  ’  ’  1  1  h  l>  anc*  have  values 

Number  of  minutes  recmired  at  9c»ri0T<'  j 

factor,  for  example  a  type  of  vi.W  “  P°tenCy  °f  a  vulnerable 

of  a  given  food,  to  a  given  levei,  fo'r 


598 


STERILIZATION  IN  FOOD  TECHNOLOGY 


E 

Ec\ 


Eh\ 


E, 


hm 


Ehn 


Ehu 


Eu 


Symbol  E  corresponds,  for  a  nutritive  or  a  similar  element,  to  symbol  F  for 
bacterial  spores.  In  mathematical  terms, 


E  = 


ta 


log 


250  -  Ta 
i 


Weighted  average  E  value  for  iso -j  regions  in  a  container. 

Number  of  minutes  at  250°F  required  to  have  a  lethal  effect  which  is  pcX 
per  cent  of  that  required  to  reduce  potency  of  a  vulnerable  factor  in  a  con¬ 
duction  heating  product  within  a  given  iso -j  region  from  k/v  units  per  unit 
volume  to  y/v  units  per  unit  volume.  In  mathematical  terms, 


Ec\  = 


fYxP'-K 

Pc\ 


—  E,  +  G  log 


s. 

Sc\ 


Number  of  minutes  at  250°F  required  to  have  a  lethal  effect  which  is  ph\ 
per  cent  of  that  required  to  reduce  potency  of  a  vulnerable  factor  in  a  con¬ 
duction  heating  product  within  a  given  iso -j  region  from  k/v  units  per  unit 
volume  to  y/v  units  per  unit  volume.  In  mathematical  terms, 

Ehx  =  =  E.+G  log  -fi 

Ph\  O/tX 

Number  of  minutes  at  250°F  required  to  have  a  lethal  effect  which  is  phm 
per  cent  of  that  required  to  reduce  potency  of  a  vulnerable  factor  in  a  con¬ 
duction  heating  product  within  a  given  iso -j  region  from  k/v  units  per  unit 
volume  to  y/v  units  per  unit  volume.  In  mathematical  terms, 

Ehm  =  =  E,+G  log  A 

Phm  ‘-’Am 

Number  of  minutes  at  250°F  required  to  have  a  lethal  effect  which  is  equiva¬ 
lent  to  that  to  which  peripheral  surface  of  food  of  conduction  heating  type 
in  a  container  is  subjected  during  a  heat  process  under  conditions  assumed 
for  problem.  In  mathematical  terms, 


Ehn  =  =  E,+G  log 

Phn 


A 

$hn 


Number  of  minutes  at  250°F  required  to  have  a  lethal  effect  which  is  P<* 
cent  of  that  required  to  reduce  potency  of  a  vulnerable  factor  in  a  conduction 
heating  product  within  a  given  iso-j  region  from  k/v  units  per  unit,  vo  um 
to  y/v  units  per  unit  volume.  In  mathematical  terms, 

E„,  -  .  E.  +  0  log  A 

Phw  °hw 

Number  of  minutes  required  at  retort  temperature  to  reduce  potency  of  . 
vulnerable  factor,  e.g.,  a  type  of  vitamin,  present  in  a  given .qua  t  > 
given  food,  to  a  given  level,  for  example,  to  reduce  potency  Iw  UO 
when  E  -  1.  Symbol  JSn  corresponds,  for  a  nutritive  or  a  slim  , 
to  symbol  Fn  for  bacterial  spores.  In  mathematical  terms, 

.  250  -  Ti 
Eu  =  log  1  - 
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Number  of  minutes  at  250°F  required  to  have  a  lethal  effect  which  is  p\  per 
cent  of  that  required  to  reduce  potency  of  a  vulnerable  factor  in  a  conduction 
heating  product  within  a  given  iso -j  region  from  k/v  units  per  unit  volume 
to  y/v  units  per  unit  volume.  In  mathematical  terms, 

fY  iP\  S' 

Ex  “  a‘+OIob& 

Number  of  minutes  at  250°F  required  to  reduce  potency  of  a  vulnerable 
factor,  for  example,  a  type  of  vitamin,  present  in  an  infinitesimal  volume  of  a 
given  food,  to  a  given  level,  for  example,  to  reduce  potency  from  k  to  y  when 
slope  i  of  thermal  destruction  time  curve  is  50°.  Eo  serves  as  a  standard  by 
means  of  which  destructive  power  of  different  processes,  applied  to  a  critical 
point,  may  be  compared.  In  mathematical  terms, 


E  o  = 


la 


log 


250  -  Ta 


50 


Number  of  minutes  at  250  F  required,  as  an  average  throughout  a  given 
container,  to  have  a  lethal  effect  which  is  that  required  to  reduce  potency 
of  a  vulnerable  factor  in  a  conduction  heating  product  within  container 
from  k  units,  when  k  is  number  of  units  present  in  container  before  heating 
and  V  is  number  of  survivors  which  represents  S .  per  cent  survival.  In 
mathematical  terms, 

E,  -  a  log 

Percentage  destruction  of  a  vulnerable  factor,  e.g.,  a  nutritive  element,  in  a 
lood  product  in  a  container.  In  mathematical  terms,  Ef,  =  100  -  S 

verftTctaM,WiCh’  Whe"  multipli*d  by  100,  designates  point  of  intersection  of 
vertical  line  representing  zero  time  with  extension  of  survivor  curve  when 

rt  mate  (logarithmic)  scale  is  in  terms  of  percentage.  The  symbol  e  corre¬ 
sponds,  for  survivor  curve  of  a  nutritive  or  a  similar  element,  to  symbol  j  for 
a  heating  curve  for  a  food  in  a  container.  3 

Value  of  e  when  survivor  curve  applies  to  temperature  250°F. 

A  symbol  which  represents  number  of  minutes  nt  25n°V 

taneous  heating  and  cooling,  „  reduce  nltr  of  '  1 

m  an  mSmtesuna!  volume  of  a  given  food,  to  a  given  level.  I„  mathematical 


F  = 


tog-,  ?50  -T. 
z 

A  symbol  which  represents  number  of  minutes  required  at  retort  t 
to  reduce  number  of  microorganism,  to  a  given  M 

r<  er  of  a  Process;  representing  number  of  minute  •  j 
reduce  the  number  of  microorganism,  nreTent  ™ '  r'<l",red  250°F  to 
food,  to  a  given  level  when  z  (slope  of ’real  or  of  '  q“antlty  of  a  8iven 

curve)  equals  1ST.  In  mathematical  terms  "ed  thermal  dcath  «me 


F,  - 


ta 


log-*  250  -  Ta 
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/  Represents  slope  of  heating  curve. 

G  Slope  of  survivor  curve  for  a  nutritive  element  G,  being  expressed  as  number 

of  minutes  spanned  by  survivor  curve,  plotted  to  semilogarithmic  coordi¬ 
nates,  in  one  logarithmic  cycle.  The  symbol  G  corresponds,  for  a  nutritive 
element,  to  symbol  D  for  bacterial  spores.*  See  Chap.  4. 

Gb  Value  of  G  when  survivor  curve  applies  to  temperature  250°F. 

g  Difference  in  degrees  between  retort  temperature  7\  and  maximum  temper¬ 

ature  that  must  be  attained  at  critical  point  to  enable  combined  heating 
and  cooling  portions  of  process  to  meet  requirements  of  problem  in  respect 
to  reduction  in  potency  of  vulnerable  factor  when  retort  temperature,  value 
of  F,  and  values  of  slopes  of  heating  and  cooling  curves  are  as  given  for 
problem. 

g  Weighted  average  g  value  for  iso-j  regions  in  a  container. 

gc\  Difference  in  degrees  between  retort  temperature  T i  and  temperature  of  food 

in  a  given  iso-j  region  immediately  after  initial  rapid  reduction  of  temper¬ 
ature  which  occurs  when  container  is  first  contacted  by  cooling  medium. 
Temperature  of  food  at  this  instant  is  assumed,  for  purpose  of  problem,  to  be 
temperature  of  food  when  cooling  begins.  In  mathematical  terms, 


Qc\  —  (1  —  X)(7'  i  —  Tc)  +  X <Jh\ 

gh\  Difference  in  degrees  between  retort  temperature  7\  and  temperature  of 

food  in  a  given  iso-j  region  at  end  of  heating  period  of  a  process,  in  other 
words,  at  instant  immediately  before  container  is  first  contacted  by  cooling 
medium.  Temperature  of  food  at  this  instant  is  maximum  temperature 
attained  by  food  in  given  iso-j  region  during  process.  In  mathematical 
terms,  gb\  =  Xp». 

go  A  symbol  indicating  condition  in  which  g  is  assumed  to  be  continuously  ml 

(peripheral  surface  of  food  of  conduction  heating  type  in  a  container). 

gs  An  average  value  of  g  for  a  container,  corresponding  to  value  P,  for  con¬ 

tainer  in  Pq-g  curves  (Table  15.4). 

I  Difference  in  degrees  between  retort  temperature  Tx  and  initial  temper¬ 

ature  To- 

i  Represents  slope  of  per  cent  thermal  destruction  time  curve  for  a  vulnerable 

factor,  e.g.,  a  nutritive  element,  i  being  expressed  as  number  of  degrees 
spanned  by  per  cent  thermal  destruction  time  curve,  plotted  to  semi¬ 
logarithmic  coordinates,  in  one  logarithmic  cycle.  The  symbol  i  corresponds, 
for  a  nutritive  or  a  similar  element,  to  symbol  z  for  bacteria  spores,  excep 


*  The  name  now  generally  accepted  for  the  symbol  D  is  decimal  reduction  time,  a 
term  suggested  by  Katzin  et  al.  [7],  The  method  of  cakulatmg  I>  »  treated  m 
Chap.  4.  A  method  is  suggested  by  Stumbo  [15],  another  y  turn  o,  ■  l*r  •  ’ 
Cochrane  [161.  Schmidt,  in  Chap.  32  of  [121,  has  said  that  when  D  is  calculated  by 
the  probability  method,  the  following  formula  gives  the  best  conversion. 


D  = 


F 


log  A  +  2 


or  F  =  D  (log  4+2) 


A  equals  the  original  number  of  microorganisms 
The  value  of  D  in  Chap.  15  is  that  calculated  >y 


whichever  method  is  preferre 


by  the  worker. 
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that  z  applies  to  a  thermal  death  time  curve  for  bacteria  in  which  scale  is 
expressed  in  numbers  instead  of  per  cent. 

A  Bessel  function  of  first  kind  of  zero  order. 

A  factor  which,  when  multiplied  by  7,  designates  point  of  intersection  of 
vertical  line  representing  beginning  of  a  process  with  extension  of  straight 
portion  of  semilog  heating  curve,  when  no  time  is  consumed  in  bringing 
retort  to  processing  temperature. 

A  fixed  value  of  j,  referring  to  curve  representing  food  in  a  given  iso -j  region. 
In  mathematical  terms,  j\  =  \js. 

A  fixed  value  of  j,  referring  to  curve  representing  center  point  of  a  cylinder. 
j*  serves  as  a  value  of  reference.  In  mathematical  terms,  js  =  j\/ A. 

Number  of  units  of  a  vulnerable  factor  in  a  container  at  beginning  of  a 
process. 

Axial  coordinate  of  a  system  of  cylindrical  coordinates. 

A  fixed  value  of  l,  referring  to  a  given  cylinder. 

Fraction  of  total  lethal  value  of  a  process  for  a  nutritive  or  a  similar  element 
which  is  represented  by  heating  portion  only  when  maximum  temperature 
reached  at  critical  point  is  g  deg  below  retort  temperature  Tu  Symbol  A 

corresponds,  for  a  nutritive  or  similar  element,  to  symbol  p  for  bacterial 
spores. 

A  symbol  representing  ratio  j\/j,. 


Percentage  of  lethal  heat  necessary  to 

for  PYJimnln  o  *i 
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PcX  Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  iso -j  region  within  a  given 
cylindrical  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit 
volume  which  is  effective  within  given  iso -j  region  during  cooling  only  when 
iso -j  region  attains  a  maximum  temperature  gr\  deg  below  retort  temperature 
when  the  cooling  curve  has  slope  value  1,  E,  =  1,  Ti  =  220°F,  je  =  1.41, 
and  i  and  have  values  given  for  process.  In  mathematical  terms, 
PeX  -  100 (Ecx/feYi). 

Poe  Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  cylindrical  container  from 
k  units  to  y  units,  which  is  effective  within  container  during  cooling  only 
when  critical  point  attains  a  maximum  temperature  ga  deg  below  retort 
temperature  when  cooling  curve  has  slope  value  1,  E,  =  1,  T\  =  220°F, 
je  =  1.41,  and  i  and  \f/i  have  values  given  for  process.  In  mathematical 
terms, 

X  =  1 

pc,  =  y  to  pcx 

i-4 

X  =  0 


Pk 


Pax 


P 


hm 


P  An 


Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor, 
for  example,  a  type  of  vitamin,  present  in  food  at  a  given  point,  to  a  given 
level,  for  example,  to  reduce  potency  at  critical  point  from  k/v  units  per 
unit  volume  to  y/v  units  per  unit  volume,  which  is  effective  during  heating 
only  when  critical  point  attains  a  maximum  temperature  g  deg  below  retort 
temperature  when  heating  curve  has  slope  value  1,  E  =  1,  T\  =  220  F,  and 
i  has  value  given  for  process.  In  mathematical  terms, 

\C 

Px  =  100X,,  =  100  — 


>ercentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
n  a  conduction  heating  product  filling  a  given  iso -j  region  of  a  given  cylindn- 
al  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume 
chich  is  effective  within  given  iso-j  region  during  heating  only  when  iso-j 
egion  attains  a  maximum  temperature  gh\  deg  below  retort  temperature 
yhen  cooling  curve  has  slope  value  1,  E,  =  1,  Pi  =  220  b,  and  i  has  va  ue 
;iven  for  process.  In  mathematical  terms,  Pax  =  100 (Pax //l  0- 
Jercentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
n  a  conduction  heating  product  filling  a  given  iso-j  region  of  a  given  cylindri¬ 
cal  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volu  , 
vhich  would  be  effective  within  given  iso-j  region  during  heating  on 
ientimr  rate  in  region  were  in  accordance  with  specified  slope  value  o 
mating  curve  throughout  span  of  temperature  from  80°  below  retort ,  temper- 
iture  to  a  temperature  which  is  **  deg  below  retort  temperature  when 
Seating  curve  hi  slope  value  1,  B.  -  1.  T.  -  220JF  and  ,  has  value  B,ven 
or  process.  In  mathematical  terms,  Phm  =  100{Ehm/J  r  i). 

Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vuto^bte 
n  a  conduction  heating  product  at  peripheral  surface  o  which 

container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volui  » 
is  effective  on  peripheral  surface  of  food  .luring  a  heat  pwessun  <  ^  ^ 
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Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  cylindrical  container  from 
k  units  to  y  units  which  is  effective  within  container  during  heating  only 
when  critical  point  attains  a  maximum  temperature  <7,  deg  below  retort 
temperature  when  heating  curve  has  slope  value  1,  E,  =  1,  T 1  =  220°F, 
and  i  has  value  given  for  process.  In  mathematical  terms, 


x  =  1 


hs 


=  V 

— 

X  =  0 


/.X 


Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  iso -;  region  of  a  given  cylindri¬ 
cal  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume, 
which  would  be  effective  within  given  iso region  during  heating  only  if 
heating  rate  in  region  were  in  accordance  with  specified  slope  value  of 
heating  curve  over  span  of  temperature  from  80°  below  retort  temper¬ 
ature  to  a  temperature  which  is  j\I  deg  below  retort  temperature  when 
heating  curve  has  slope  value  1,  E,  =  1,  Ti  =  220°F,  and  i  has  value  given 
for  process.  In  mathematical  terms,  Phw  =  W0(Ehw/fYi). 

Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  iso-;'  region  of  a  given  cylindri¬ 
cal  container  from  k/v  units  per  unit  volume  to  h/v  units  per  unit  volume 
w  ic  1  is  eliective  within  given  iso-;'  region  during  both  heating  and  cooling 
when  iso-;  region  attains  a  maximum  temperature  gkk  deg  below  retort 
emperature,  heating  and  cooling  curves  have  slope  value  1,  E,  =  1 

ml. I  \3c.  ~  1'41>’  and  1  and  xf/x  have  values  given  for  process.  In 

mathematical  terms,  P\  =  pAX  -f-  prX 

Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 

leve?rP  C’  “  YP<i  V',ta"‘in’  Pr°Senl  *  food  at  »  Si™"  point,  to  a  given 
’  for  oxalaPle.  .to  reduce  potency  at  critical  point  from  k/v  units  per  unit 
volume  to  y/v  un.ts  per  unit  volume,  which  is  effective  at  critical  no  n 
durtng  both  heating  and  cooling  when  critical  potnt  attahts  a  mavtm  m 
emperature  „  deg  below  retort  temperature  when  heating  curve  lias  slope 
a  ue  1,  cooling  curve  has  slope  value  q  E  =  1  T  —  29()°P  1  1 

have  values  given  for  process/  mat^mattcai  teims  P,  J //V/p  *' 

Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerabl  /'  , 

^  °»-iner  Cm 

and  cooling  when  critical  noint  \ i ' '  ^  m  ,contalner  during  both  heating 

retort  temperature  heating  and  “T  “  ",ax"",lm  temperature  g  deg  below 
T,  =  220°F  i  L  i  rTgu  T  K  Curves  have  sl°pe  value  1,  E.  _  1 
mathematical  terms',  ’  ‘  “  *'  haVe  values  »™>  for  process.  In 


p--p‘-  +  p..  -  |  ,  y 


X  =  1 


x  =  0 


X  =  0 


«(P;,x  +  PcX) 


X  =  0 


in  a  conduction  heatingproducT^ filling  a'glven  ^  afVU‘nerable  factor 

k  a  given  iso-;  region  of  a  given  evlindri- 
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Phm 


Phn 


Phw 


PX 


r 

ri 

p 


u 

S 


Sc\ 


Sk-K 


cal  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume, 
which  is  effective  within  given  iso-j  region  during  cooling  only  when  iso-j 
region  attains  a  maximum  temperature  gh\  deg  below  retort  temperature 
when  cooling  curve  has  slope  value  /  and  E„,  7\,  i,  and  \pi  have  values  given 
for  process.  In  mathematical  terms,  pr\  =  JHPC\/EC\. 


Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  iso-j  region  of  a  given  cylindri¬ 
cal  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume, 
which  would  be  effective  within  given  iso -j  region  during  heating  only  if 
heating  rate  in  region  were  in  accordance  with  specified  slope  value  of 
heating  curve  throughout  span  of  temperature  from  80°  below  retort  temper¬ 
ature  to  a  temperature  which  is  Qh\  deg  below  retort  temperature  when 
heating  curve  has  slope  value  /,  and  Ea,  T\,  and  i  have  values  given  for 
process.  In  mathematical  terms,  phm  =  fHPhm/Ehm. 

Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  at  peripheral  surface  of  a  given  container 
from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume,  which  is  effective 
on  peripheral  surface  of  food  during  a  heat  process  under  conditions  assumed 
for  problem  when  /,  Es,  T i,  and  i  have  values  given  for  process.  In  mathe¬ 
matical  terms,  phn  =  fHPhn/Ehn. 


Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  iso-j  region  of  a  given  cylindri¬ 
cal  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume, 
which  would  be  effective  within  given  iso-j  region  during  heating  only  if 
heating  rate  in  region  were  in  accordance  with  specified  slope  value  of 
heating  curve  over  span  of  temperature  from  80°  below  retort  temperature 
to  a  temperature  which  is  j\I  deg  below  retort  temperature  when  heating 
curve  has  slope  value/,  and  EB}  1\,  and  i  have  the  values  given  for  process. 
In  mathematical  terms,  phw  =  fHPhw/Ehu-- 

Percentage  of  lethal  heat  necessary  to  reduce  potency  of  a  vulnerable  factor 
in  a  conduction  heating  product  filling  a  given  iso-j  region  of  a  given  cylindri¬ 
cal  container  from  k/v  units  per  unit  volume  to  y/v  units  per  unit  volume 
which  is  effective  within  given  iso-j  region  during  both  heating  and  cooling 
when  iso-j  region  attains  a  maximum  temperature  gK\  deg  below  retort 

temperature. 

Radius  coordinate  of  a  system  of  cylindrical  coordinates. 


\  fixed  value  of  r,  referring  to  a  given  cylinder. 

Fraction  of  total  lethal  value  of  a  process  which  is  represented  by  heating 
portion  only  when  maximum  temperature  reached  at  critical  point  is  r/  deg 
3Clow  retort  temperature,  (p  is  used  when  process  is  being  considered  irom 
standpoint  of  bacterial-spore  destruction.) 

=  _  T)/(Ti  -  T0).  Unit  of  ordinate  scale  of  a  generalized  heat-pene- 


ation  curve.  .  f 

ircentago  survival  of  a  vulnerable  factor  in  an  infinitesunal  volume 

ven  food.  •  n 

ircentago  survival  of  a  vulnerable  factor  in  a  food  product  within  t 
>j  region  during  cooling  portion  of  a  process. 

ircentage  survival  of  a  vulnerable  factor  in  a  food  product  w.thin  g 
>-j  region  during  heating  portion  of  a  process. 
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Percentage  survival  of  a  vulnerable  factor  in  a  food  product  within  a  given 
iso -;'  region  which  would  exist  during  heating  portion  only  of  a  process  if 
heating  rate  in  region  were  in  accordance  with  specified  slope  value  of 
heating  curve  throughout  span  of  temperature  from  80°  below  retort  temper¬ 
ature  to  a  temperature  which  is  fjh\  deg  below  retort  temperature. 

Percentage  survival  of  a  vulnerable  factor  in  a  food  product  at  peripheral 
surface  of  a  given  container  during  a  heat  process. 


Percentage  survival  of  a  vulnerable  factor  in  a  food  product  within  a  given 
iso-;'  region  which  would  exist  during  heating  portion  only  of  a  process  if 
heating  rate  in  region  were  in  accordance  with  specified  slope  value  of 
heating  curve  over  span  of  temperature  from  80°  below  retort  temperature 
to  a  temperature  which  is  j\I  deg  below  retort  temperature  when  j\l  <  80. 

Percentage  survival  ol  a  vulnerable  factor  in  a  food  product  within  a  given 
iso-;  region  during  both  heating  and  cooling  portions  of  process 

1  ercentage  survival  of  a  vulnerable  factor  in  a  food  product  within  a  con¬ 
tainer  during  a  heat  process.  In  mathematical  terms,  Ss  =  100  —  Ef ,. 

Measured  temperature  in  container  at  time  t  or  temperature  to  which  a 
survivor  curve  applies. 

Retort  temperature  of  a  process. 


Maximum  temperature  attained  at  critical  point  in  container  when  process 
(heating  and  cooling  portions  combined)  is  just  sufficient  to  reduce  number 
o  individual  units  of  vulnerable  factor  in  a  conduction  heating  product 
filling  container  from  k  to  y. 


Temperature  in  degrees  Fahrenheit  to  which  a  survivor  curve  applies. 

See  Chap.  14. 

Tune  in  minutes  necessary  at  temperature  Tg  to  reduce  potency  of  a  vulner- 
faCtor  from  k/v  units  Per  «nit  volume  to  y/v  units  per  unit  volume. 
Number  of  minutes  required  to  complete  a  process  after  temperature  at 
critical  point  in  a  container  reaches  0.1°  below  retort  temperature  7\. 

Angle  coordinate  of  a  system  of  cylindrical  coordinates. 

A  fixed  value  of  0,  referring  to  a  given  cylinder. 

Volume  of  an  iso-;  region,  in  terms  of  unit  volumes 

10  y  'rfwL°n 

.  •  .  '  ’  ^or  a  nutritive  or  a  similar  element  to  symbol  77  f/  ^ 

tenal  spores.  I„  mathematical  terms,  W,  -  BB*  ' 

Val",.  of  W,  when  applied  to  the  total  contents  of'a  container 

or 

of  iso-;'  regions.  1,11  y,  which  represents  total  volume 


in  terms  ofg permit^  Sam°  S'Kmficance  as  e*cept  that  wt%  is  expressed 

^  PO,tenCy  °f  a  vulnerable  factor. 

Potency  at  critical  point  from  ./.units 
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volume,  which  is  effective  at  critical  point  during  heating  only  when  critical 
point  attains  a  maximum  temperature  g  deg  below  retort  temperature  when 
heating  curve  has  slope  value  1,  E  =  1,  7\  =  220°F,  and  i  has  value  given 
for  process.  Symbol  Xh  corresponds,  for  a  nutritive  or  a  similar  element 
to  symbol  Y  220  (see  Chap.  13)  for  bacterial  spores.  In  mathematical  terms 
X*  =  Pfc/100. 

Y 1  A  factor  defined  as  log-1  [(7\  -  220°)/j].  Symbol  Fi  corresponds,  for  a 

nutritive  or  a  similar  element,  to  symbol  Zx  for  bacterial  spores.* 

y  Number  of  surviving  units  of  a  vulnerable  factor  in  a  container  at  end  of  a 

process. 

f  i  See  Chap.  14. 
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CHAPTER  16 


MISCELLANEOUS  TOPICS  IN  PROCESS  CALCULATION 


NOMOGRAMS  FOR  THE  SOLUTION  OF  PROBLEMS  1A,  IB,  2A,  2B, 

AND  4 

Of  all  the  problems  listed  in  Chap.  13,  those  occurring  most  frequently 
are  1  A,  IB,  2 A,  2 B,  4,  and  5.  It  was  of  a  decided  advantage  to  simplify 
the  solutions  of  these  problems  to  the  point  where  the  time  involved  was 
a  matter  of  seconds  instead  of  minutes  or  even  hours,  particularly  in 
situations  where  many  processes  had  to  be  calculated  or  evaluated. 
Nomograms  of  the  type  presented  here  represent  such  a  simplification, 
but  they  must  be  used  wisely.  A  person  who  knows  only  how  to  calcu¬ 
late  a  process  with  a  nomogram  is  in  much  the  same  position  as  a  pilot 
who  can  only  take  off  and  land  his  plane  and  is  ignorant  of  navigation, 
meteorology,  and  the  various  flying  rules  and  regulations.  Such  nomo¬ 
grams  should  be  used  by  experts  or  under  the  direction  of  experts. 

Although  the  nomograms  which  follow  are  based  on  the  original  formula 
calculation  method,  discussed  in  Chap.  13,  which  may  now  become 
obsolete,  in  so  far  as  its  formal  calculation  procedures  are  concerned, 
it  is  thought  desirable  to  present  them  here  because  (1)  they  are  still  as 
useful  as  ever,  within  their  inherent  limitations,  and  (2)  they  will  serve 
as  an  aid  to  those  who  may  wish  to  develop  nomograms  applying  to 
another  method  of  calculation. 

It  has  been  thought  desirable  not  to  retain  the  symbol  nomenclature 
of  Chap.  13.  In  this  chapter,  therefore,  the  symbols,  for  the  most  part, 
are  those  which  are  used  in  the  remainder  ot  the  book  except  C  hap.  13. 

Before  discussing  the  use  of  nomograms,  it  may  be  well  to  consider  the 
accuracy  of  the  results  obtained  in  using  nomograms. 

There  are  three  causes  of  errors  in  the  results  obtained  with  any 
nomogram.  The  first  is  careless  operation ,  the  second  is  faulty  con¬ 
struction  of  the  nomogram,  and  the  third  is  faulty  design  of  the  nomogram. 
The  first  two  are  ordinarily  of  unknown  effect,  but  the  magnitude  o 
third  can  usually  be  determined.  In  the  case  of  Chart  1,  it  was  necessary 
to  assume  that  the  difference  </o  between  the  retort  temperature  i  a 
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the  cooling  water  temperature  is  170°F.*  It  some  such  assumption 
were  not  made,  the  resulting  nomogram  would  be  unduly  complicated. 
Knowing  the  assumptions  made  in  the  design,  it  is  possible  to  obtain  the 
limits  of  the  errors  due  to  design.  In  Table  16.1  are  given  the  correc¬ 
tions,  for  different  values  of  i/n,  to  be  applied  to  the  results  obtained 
with  the  nomograms.  These  corrections  are  made  in  such  a  manner 
as  always  to  be  on  the  side  of  safe  commercial  practice. 

Application  of  the  nomograms  to  the  solution  of  problems  of  the 
general  type  listed  above  can  best  be  explained  by  specific  examples. 


PROBLEM  1 

What  length  of  process  t  is  required  to  destroy  the  spores  of  a  given  organism? 
Let  the  retort  temperature  be  T\,  the  initial  temperature  be  T 0,  the  resistance 
of  the  organism  be  F0  min  at  250°F.  Assume  further  that  the  temperature  of  the 
cooling  water  is  7()°F  and  that  j  and  /  are  given. 
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All  charts  are  based  on  an  assumed  difference  \ 1,  nf  1 70°v  k  + 
kture  and  cooling  water  temperature.  '  *"  F  bc‘"'een  retort  tem»CT- 
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Step  1 .  On  Chart  1,  find  T x  on  scale  ©,  F0  on  scale  ®,  connect 
get  a  point  on  line  ®. 


T i  and  F0)  and . 


Table  16.1.  Corrections  to  Be  Applied  to  the  Length  of  Process 
Obtained  from  Charts  1  and  2 
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0.05 

0.09 
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1 .07 

2.14 

Chart  2.  Nomogram  for  solving  Problems  1 B  and  2  li,  shown  in  figs.  16.2  and  16.4. 

Problem  1  II:  Connect  j  to  Tt-T0,  obtaining  point  on  7C;  connect  11 i  to/,  obtaining 
point  on  /?2;  connect  F0  to  7\,  obtaining  point  on  Ii3;  connect  113  to  R»,  obtaining 

process  time  on  <.  .  . 

Problem  2  B:  Connect  /  to  T,-T  obtaining  point  on  Rr,  connect  to/,  obtaining 
point  on  It2;  connect  li2  to  l,  obtaining  point  on  R3;  connect  R3  to  Tu  obtaining 
on  F o. 


Step  2.  Connect  the  point  on  line  3  to  /  on  scale  ©  and  get  a  point  on  scale  (*)• 
By  following  the  series  of  lines  connecting  scales  ®  and  ©,  find  the  point  on 
scale  ©  corresponding  to  the  point  on  scale  ®. 


<o 
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Note:  If  the  point  on  scale  ®  is  above  the  top  line  connecting  scale  ®  to  scale  ©,  it. 
idieates  that  the  final  can  temperature  is  less  than  0.1°F  below  retort  temperature. 
n  such  a  case,  Chart  2  must  be  used.  The  directions  are  given  under  Problem  IB 
n  the  chart  itself. 

Step  3.  Subtract  the  initial  temperature  from  the  retort  temperature.  Find 
'i  —  To  on  scale  ©  and  connect  to  j  on  scale  ©,  getting  a  point  on  line  ©. 

Step  4.  Connect  the  point  on  line  ©  to  the  point  on  scale  ©  (step  2)  getting 
point  on  scale  ©. 

Step  5.  Connect  the  point  on  scale  ®  to/  on  scale  ©;  find  the  length  of  proc- 
bs  t  on  scale  ®. 

Problem  1A,  Fig.  16.1 

What  is  the  length  of  process  t  at  250°F  necessary  to  destroy  spores  of  an 
rganism  having  a  resistance  of  4  min  at  250°FI  when  the  slope  of  the  thermal 
sath  time  curve  is  z  =  18°F? 
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suppose,  further,  that  the  heat-penetration  data  (/  =  60  min  and  i  -  1 
ve  been  determined  for  a  No  2  can  H07  v  anon  „  ,  +l  /  3  ~  L8) 

a  No.  1  can  (211  X  400)  ^  -  X.!°9)  a  Process  is  derired 


'  - -  u^sirea 


•iTr  ,  j  a  -4uu  can  is 

"  e  are  now  ready  to  determine  the  length  of  process. 
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Step  1.  Connect  Tx  =  250  on  scale  ®  to  F0  =  4  on  scale  ®;  get  a  point  cy 
line  ®. 

Step  2.  Connect  the  point  on  line  ®  to  /  =  37.4  on  scale  ®;  get  a  point  o 
scale  ®  and  the  corresponding  point  on  scale  ®. 

Step  3.  Connect  j  =  1.8  on  scale  ®  to  71,  -  T0  =  250  -  180  =  70  on  seal 
®;  get  a  point  on  line  ®. 

Step  4.  Connect  the  point  on  line  ®  to  the  point  on  scale  ®  (step  2);  get 
point  on  scale  ©. 

Step  5.  Connect  the  point  on  scale  ©  to  /  =  37.4  on  scale  ®;  get  the  process 
time  t  =  44  min  on  scale  ®. 


Problem  1  B,  Fig.  16.2 


What  is  the  length  of  process  t  at  240°F  necessary  to  destroy  spores  of  an 
organism  having  a  resistance  of  12  min  at  250°F  when  the  slope  of  the  therm;); 
death  time  curve  is  z  =  18°F  and  the  initial  temperature  is  200°F?  Coolinf 
water  temperature  is  70°F. 


Assume  that  the  product  is  a  thin  fluid,  so  that  the  heating  will  be  mainly  by 
convection.  Suppose,  further,  that  the  heat-penetration  data  (/  =  5.0  min  an 
j  =  o  80)  have  been  determined  for  a  211  X  400  can  and  that  it  is  desired  to 
process  the  product  in  a  300  X  407  can.  From  Table  8.2,  we  find  the  /  con¬ 
version  factor  for  convection  heating  to  be  1.116.  Therefore,/  for  the 
can  is  5.0  X  1.116  =  5.6  min.  However,  if  we  go  through  step  2,  Pro  em 
we  find  that  the  derived  point  on  scale  ®  is  above  the  top  line  joining  sea  e  W 
scale  ®.  Therefore,  we  must  use  Chart  2.  The  method  of  solution, 
instructions,  is  shown  in  Fig.  16.2,  giving  the  result  t  —  48  min. 
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PROBLEM  2 

Let  the  process  be  t  min  at  a  retort  temperature  7h,  the  initial  temperature,  7’0. 
Assume  that  z  =  18°,  the  temperature  of  the  cooling  water  is  70°F,  and  that 
j  and  /  are  given. 

What  is  the  sterilizing  value  F 0  of  a  given  process? 

Step  1.  On  Chart  1,  connect  t  on  scale  ®  to  /  on  scale  ®;  get  a  point  on 
scale  ®. 

Note:  If  Ti  is  greater  than  or  less  than  240°F,  make  a  correction  in  value  of  t,  as 
indicated  in  Table  16.1. 

Step  2.  Connect,/  on  scale  ®  to  T\  —  To  on  scale  get  a  point  on  line 

Step  3.  Connect  the  point  on  scale  ®  (step  1)  to  the  point  on  line  ®  (step  2), 

get  a  point  on  scale  ©  and  the  corresponding  point  on  scale  ©. 

Note:  If  the  point  on  scale  ©  is  above  the  top  line  connecting  scales  ®  and  ©,  it 
indicates  that  the  can  temperature  is  less  than  0.1  °F  below  retort  temperature.  In 
such  a  case  Chart  2  must  be  used.  The  directions  are  given  under  Problem  2 B  on 
the  chart  itself. 

Step  4.  Connect  the  point  on  scale  ®  to  f  on  scale  ©;  get  a  point  on  line  ®. 

Step  5.  Connect  the  point  on  line  ®  to  T ,  on  scale  ®;  get  F0  on  scale  ®. 

Problem  2A,  Fig.  16.3 

What  is  the  sterilizing  value  (F0)  of  a  100-min  process  at  242°F,  if  7’0  =  145 
j  =  1.5,  and  /  =  68? 
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Stepl.  Connect  t  =  100  on  scale  ©  to/  =  68  on  scale  ©;  get  point  on  scale  (7). 

Step  2.  Connect  j  =  1.5  on  scale  ©  to  7\  -  T0  =  242  -  145  =  97  on  scale 
®;  get  point  on  line  ©. 

Step  3.  Connect  the  point  on  scale  ©  (step  1)  to  the  point  on  line  ©  (step  2); 
get  a  point  on  scale  ©  and  the  corresponding  point  on  scale  ®. 

Step  4.  Connect  the  point  on  scale  ©to  /  =  68  on  scale  ©;  get  a  point  on 
line  ©. 

Step  5.  Connect  the  point  on  line  ©  to  7\  =  242  on  scale  ®;  get  F0  =  5.6 
on  scale  Therefore,  the  process  is  equivalent  to  holding  the  can  contents 
5.6  min  at  250°F,  assuming  instantaneous  heating  and  cooling. 


Problem  2B,  Fig.  16.4 

What  is  the  sterilizing  value  ( F0 )  of  a  30-min  process  at  240°F  if  T0  =  175, 
j  =  0.75,  and /  =  10.2? 


PROBLEM  3 

What  process  (0  is  required  to  reach  a  given  tempeiatuie  at  th 
heating  point  in  the  can?  7\,  7’0,  Ta,  j,  and /are  given. 
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Step  1.  Connect  Tx  —  T0  on  scale  ©  to  j  on  scale  ©;  get  point  on  line  ©. 
Step  2.  Connect  point  on  line  ©  to  T\  —  Ty  =  g  on  scale  ©;  get  point  on 
:ale  ©. 

Step  3 


scale  ®. 

.  Connect  point  on  scale  ©  to/ on  scale  ©;  get  process  time  on  scale  ®. 


Problem  3,  Fig.  16.5 

rocess  ( t )  is  required  to  reach  a  can  temperature  of  190°F  if  7\  =  210°F, 
’F.  i  =  1.2.  and  f  ==  47? 


What  pr _ w _ 1 _ _ 

To  =  120°F,  j  =  1.2,  and/  =  47? 
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'  IG-  lb-5-  Nomographic  solution  of  Problem  3  usinsr  Chart  l  *•  «  « 


°  upon  me  time  necessary  for  s 

'rocess  when  the  heating  curve  is  a  simple  logarithmic  curve. 

Step  I  Connect  T,  -  T,  -  210  -  120  -  90  on  scale  ©  to  j  =  1  2  on  scale 
);  get  point  on  line  ©.  w  J  011  scale 

efpoint  „„Crr©.POint  °"  line  ®  *°  P‘  “  r*  “  -  ,90  -  20  on  sca,e  ®; 

^ale®.  COUneC‘  P°in‘  °“  "*  ®  *°'  "  47  o„  -ale  ©;  get  process  of  34  min 

Problem  4,  Fig.  16.6 

pi  —  in  *•  -  -  - 

1  otep  1.  Connect  t  on  scale  ©  to  f  on  scale  r«v  o-nt  -  *  , 

Step  2.  Connect  T  -  v  ,  get  p0int  on  scaIe  ®- 

Step  3.  Connect  point  ol'i 7'/'  '"J  ° ”  Scaie  ®>  «et  Point  on  line  ®. 

-to®.  Then  T,  l  T  -  (V,  -  r.)  P°‘nt  °"  ®  (Step  »-  T'  ~  ^  on 
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Problem  4,  Fig.  16.6 

What  is  the  temperature  Tg  at  the  slowest  heating  point  in  a  can  after  an 
82-min  process  at  237°F?  T0  =  75°F,  j  =  1.4,  /  =  110. 

Stepl.  Connects  =  82  on  scale  ©  to/  =  1 10  on  scale  ©;  get  point  on  scale  ©. 
Step  2.  Connect  T\  —  To  =  237  —  75  =  162  on  scale  ©  to  j  =  1.4  on  scale 
©;  get  point  on  line  ©. 

Step  3.  Connect  point  on  scale  ©  (step  1)  to  point  on  line  ©  (step  2);  get 
Ti  -  Tg  =  42  on  scale  ©.  T„  =  Tx  -  (7\  -  Tg)  =  237  -  42  =  195°F. 


SPECIAL  CONSIDERATIONS 

In  exceptional  cases,  it  may  happen  that  a  point  falls  outside  the  range  of  a 
scale.  The  following  rules  often  can  be  applied  to  these  unusual  cases: 

1°/ o^ale  ®  and  «  on  scale  ®  can  both  be  multiplied  by 

2.  If  j  on  scale  ©  is  multiplied  by  a  given  factor,  /  ,  I  o  on  sea  U 

divided  by  the  same  factor.  ..  ,  ,  me  factor. 

3.  f  on  scale  ©  and  F„  on  scale  ®  can  both  he  multp  tl 

For  Chart  2s  If  J  is  multiplied  by  a  given  factor,  7’,  -  '  »  must  oi  d 

the  same  factor.  .  ,  ,  ,  .jp  be  solved. 

As  an  illustration,  the  following  purely  hypothetical  problem 


MISCELLANEOUS  TOPICS  IN  PROCESS  CALCULATION 


617 


What  is  the  length  of  process  if  F0  =  0.08,  j  =  200,  /  =  60,  T\  =  230,  and 
7’0  =  180?  (This  j  value  of  200  is  taken  purely  for  the  purposes  of  exposition 
since  a  value  of  this  magnitude  is  never  encountered  commercially.) 

As  usual,  Chart  1  should  be  used  to  start  the  solution. 

Step  1.  Connect  Tx  =  230  on  scale  ®  to  F0  =  0.08  on  scale  ®.  Since  this 
point  is  not  on  the  scale,  multiply  both  Fo  and /  by  10;  then  use  the  point  Fo  =  0.8 
to  get  a  point  on  line  ®. 

Step  2.  Connect  the  point  on  line  ®  to /  =  60  X  10  =  600  on  scale  ©;  get 
joints  on  scales  ®  and  ©. 

Step  3.  Connect  T\  —  T0  =  230  —  180  =  50  on  scale  ©  to  j  =  200  on  scale 
5).  Since  j  =  200  is  not  on  scale  ©,  we  must  divide,/  by  10  and  multiply  1\  —  1\ 
)y  10.  Therefore,  connect  j  =  20  to  T1  -  T0  =  500  and  get  a  point  on  line  ©. 

Step  4.  Connect  this  point  on  line  ©  to  the  point  on  scale  ©  (step  2)  •  aet 
>oint  on  scale  ©. 

Step  5.  Connect  the  point  on  scale  ©  to  /  =  60  on  scale  ©.  The  desired 
omt  m11  not  faI1  °n  scale  ®.  Therefore,  take/  =  30  and  get  t  =  82  on  scale  ®. 
ince/is  half  the  given  value,  the  obtained  value  of  t  must  be  doubled,  giving  a 
rocess  of  164  min  at  230°F. 


CHARTS  FOR  ESTIMATION  OF  PROCESS 

Sometimes  one  is  interested  only  in  a  comparatively  rough  estimate 
F  either  a  process  time  or  of  the  order  of  a  process.  Charts  3  to  (i  fre- 

uentiy  can  be  used  for  this  purpose.  They  are  based  on  a  simple 
sating  curve  with;  =  1.41  and  =  170°F.  P 
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Chart  3.  Relationship  between  slope  of  semilog  heating  curve  and  length  of  process, 
when  retort  temperature  is  240°F  and  initial  temperature  is  150  F. 
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♦  ,  process  time, min 

between  sl°pe  of  semilog  heating  curve  and  length  of 
e  is  -25U  r  and  initial  temperature  is  180°F. 


process 
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DETERMINATION  OF  A  CONSTANT  TEMPERATURE  WHICH  IS 
EQUIVALENT  IN  STERILIZING  VALUE  TO  A  LINEARLY 
VARYING  TEMPERATURE 

Throughout  this  book  we  have  been  concerned  only  with  logarithmi¬ 
cally  varying  temperatures  since  this  is  the  manner  of  temperature 
change  when  the  heating  temperature  is  constant.  Sometimes  one  has 
occasion  to  investigate  the  sterilizing  values  obtaining  in  a  flash  sterilizer. 
Such  equipment  may  be  so  designed  that  the  temperature  of  the  food 
rises  uniformly  from  a  temperature  T0  to  a  temperature  T i  during  a 
holding  time  of  t\  min.  We  present  the  derivation  of  the  important 
equations  which  may  be  used  here  because  the  derivations  have  an 
intrinsic  interest. 

Since  the  temperature  varies  linearly, 


T  =  To  +  at 


(16.1) 


The  lethal  value  is 


which,  on  substituting  (16.1),  becomes 


Setting 


(To  -  250)  =  b 


2.303 


and 


a  —  c 


z 


we  get 


(16.2) 


At  the  end  of  h  min,  T  =  Th  or 


T\  =  To  + 


T i  -  To 


whence 


and 


Zl  i 
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Substituting  in  (10. 2), 
F  = 


2.303 

e  2 


(To-  250) 


2.303 

e  2 


( Ti-To ) 


2.303(7’ i  - 


zt  i 


(16.3) 


We  have  now  expressed  the  lethal  value  in  terms  of  z,  the  initial  temper¬ 
ature  To,  the  final  temperature  Th  and  the  holding  time  t\. 

A  nomogram  for  the  solution  of  (16.3)  is  shown  in  Chart  7. 


The  next  step  is  to  find  a  constant  temperature  T A  which  ri 
me  stenlizma  vnino  f i  y~»-\ n  /  rn i _  j  •  tho 


ime  sterilizing  value  over  time  tx.  That 

2.303 


F 


=  f" 

J  o 


.  (Ta-  250) 

2  dt  = 


is, 

2.303, 

—— (n-250) 

e  /l 


W?Ha;qe;r„,t0  (16'2)  °r  (,r>'3)  and  the  »'ved  for  T, 
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Taking  logarithms, 


log  ct i  T  -  (Ta  —  250)  =  b  +  log  ( ectl  —  1) 

z 


from  which  we  find 


or 


?  pCh  _  1 

T*  =  T°  +  2J03 10«  -nr 

0)  1 

Ta  =  To  +  ^  log  6 


2.303  &  2.303 


(16.4) 


(A  -  To) 


It  is  interesting  that  t\  does  not  appear  in  (16.4).  Figure  16.7  shows  the 
relation  between  Ta  —  T0  and  T\  —  T0  when  z  =  18. 


It  can  be  shown  that  the  ratio  (Ta  Tq)/(T i  T0)  has  a 
value  of  ^  for  Tt  -  To  =  0  and  a  limit  of  unity  as  r,  -  To  aPPr“ 
infinity  That  is,  for  small  differences  between  A  and  To,  Ta  is  api 
mately  midway  between  the  two,  but  as  the  difference  increases,  U 

approaches  T\. 

PASTEURIZATION  UNIT,  OR  PU 


This  concept  was  introduced  during  the  development  of  canned  be 
An  effort  was  made  to  arrive  at  a  theory  of  pasteur.za  on  similar  to  ^ 

used  in  sterilizing  foods.  Since  the  low  empcia  t.hc  nasteur- 

pasteurization  make  the  use  of  F  values  an  awkward  matter,  the  past 
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ization  unit,  or  PU,  was  invented  to  circumvent  this  situation.  Instead 
of  using  250°F  as  the  reference  temperature  as  in  the  case  of  F  values, 
the  PU  uses  140°F.  Thus,  a  1-min  hold  at  140°F  is  equivalent  to  1  PU. 
Its  numerical  value  is  given  by 


PU  = 


2.303 
,  18 


{T—  140) 


(16.5) 


A  z  value  of  18  is  implied.  Figure  16.8  shows  the  relation  between  PU 
and  temperatures  in  the  beer-pasteurization  range. 


It  is  felt  that,  at  present,  considerably  more  work  must  be  done  on 
the  heat  resistance  of  yeasts  and  the  so-called  nonresistant  bacteria 
before  the  PI  can  be  used  with  any  degree  of  confidence. 


ANALYSIS  OF  HEAT-PENETRATION  DATA  FOR  DECISION  ON  USE  OF 

GENERAL  METHOD 

Some  pointers  on  the  analysis  of  heat-penetration  data  may  be  helpful 
-o  the  worker  in  deciding  whether  or  not  the  use  of  the  general  method 

iften  a  diffi11  H  f  ^  ^  th°  data  at  hand‘  This  decision  is  very 
a  difficult  one  to  make  in  working  with  heat-penetration  data  on 

5  ass  jars  because  of  the  necessity  to  process  jars  in  such  a  way  as  to 

ivoid  breakage  by  heat  shock.  This  subject  is  trentorl  nt  Y, 
tv  Townsend  of  nl  m  t  n  •  1  1S  tiea^ec‘  some  length 

hat  report  '  t0"0"',ng  dlSCUSsion  is  in  Part  from 
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The  degree  of  correlation  between  results  with  the  general  method 
and  those  with  the  formula  method  should  never  be  associated  with 
either  the  type  of  container  or  the  type  of  food.  This  correlation  depends 
entirely  upon  the  relationship  existing  among  the  following  three  quanti¬ 
ties:  lethal  value  of  the  come-up  portion  of  the  process,  lethal  value  of 
the  holding  portion  of  the  process,  and  lethal  value  of  the  cooling  portion 
of  the  process.  The  processing  procedure  determines  that  relationship; 
neither  the  product  nor  the  container  has  a  substantial  bearing  upon  it. 

One  cannot  determine  which  method  should  be  used  by  comparing 
calculated  results  on  glass  jars  with  calculated  results  on  metal  cans. 
The  only  comparison  that  is  indicated  in  helping  to  decide  which  method 
of  calculation  should  be  used  is  a  comparison  between  the  two  methods 
themselves,  applied  to  the  same  heating-rate  curve,  chosen  to  give  the 
lowest  sterilizing  value  ever  indicated  by  the  actual  processing  conditions 
being  studied. 

If  the  come-up  and  cooling  conditions  which  are  assumed  in  the  formula 
method,  or  a  near  approach  to  these  conditions,  could  possibly  exist  in 
the  process  being  studied,  the  calculations  ought  to  be  made  by  the 
formula  method.  In  the  use  of  the  formula  method  for  processes  of  glass 
containers,  for  example,  a  definite  relationship  must  be  found  between 
the  assumed  sterilizing  conditions  of  the  cooling  portion  of  the  process 
and  the  value  obtained  with  the  shortest  practicable  cooling  time  for 
glass.  Also,  a  definite  relationship  must  be  found  between  the  value 
ordinarily  used  for  adjustment  of  the  calculated  processes  to  include  the 
sterilizing  value  of  the  come-up  portion  of  the  process  and  a  coi re¬ 
sponding  value  obtained  by  analysis  of  data  on  the  glass-jai  processes. 


With  the  long  come-up  time  of  the  water  process  with  jars,  the  danger 
from  reduced  sterilizing  effect  during  the  come-up  time,  because  of  the 
possibility  of  a  “ sagging”  heating  curve  for  the  water,  warrants  attention. 
One  must  rely  upon  results  of  a  large  number  of  determinations  to  prove 
how  great  is  the  probability  that  any  deficiency  of  lethal  effect  during 
the  come-up  time,  due  to  a  “sagging”  heating  curve  for  the  water,  is 
compensated  for  by  an  extra  lethal  effect  of  a  long  cooling  time. 

To  avoid  the  possibility  of  a  costly  error  in  establishing  processes  by 
the  general  method,  careful  consideration  must  be  given  separately  to  the 
lethality  value  of  the  come-up  period  and  the  lethality  value  of  the  cooling 
period/  The  general  method  should  not  be  regarded  as  the  criterion 
a  safe  process  unless  it  is  based  upon  a  curve  showing  the  mimmu 
lethal  value  for  come-up  time  and  cooling  time. 


Come-up  Portion  of  Process— Procedure  A 

In  the  case  of  most  products,  it  is  gem  1 
sterilizing  value  of  the  come-up  time  in  prc_ 
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come-up  time  is  less  than  10  min.  If  the  sterilizing  value  of  the  com f 
time  is  to  be  taken  into  account,  one  may  determine  the  magnitude  oi 
the  adjustment  to  a  process  calculated  by  the  formula  method  as  follows: 

1.  Choose  a  heating  curve  representing  a  process  in  which  there  is  an 
extreme  lag  in  the  rate  of  rise  of  temperature  of  the  retort  in  the  first 
part  of  the  come-up  time — the  greatest  lag  that  would  ever  occur. 

2.  Determine  j  from  the  point  of  intersection  of  the  curve  with  the 
vertical  line  at  location  representing  minus  42  per  cent  of  the  come-up 
time;  also  with  at  least  three  other  vertical  lines,  for  instance,  those 
representing  zero  come-up  time  and  —25  and  —  60  per  cent  of  the 
come-up  time. 

3.  Plot  a  curve  showing  the  relationship  between  j  value  and  the 
percentage -of  come-up  time,  reckoned  backward  from  the  "temperature 
up,”  or  zero  time. 

4.  By  the  formula  method  (type  3  problem,  Chap.  14),  calculate  the 
amount  of  lethal  heat,  expressed  as  percentage  pa  of  the  heat  necessary 
to  sterilize  at  the  center  of  the  container  up  to  a  given  point  ta  on  the 
heating  curve,  not  including  the  effective  lethal  heat  during  cooling  of 
the  container.  1  he  point  chosen  should  be  in  the  neighborhood  of  that 
which  would  give  sterilization. 

5.  Calculate  a  process  time  value  b  for  each  j  value  calculated  in  step  2, 
with  termination  of  the  process  at  point  Plot  a  curve  showing  the 
relationship  between  b  and  j. 

h.  By  the  general  method,  using  the  same  heating  curve  as  was  used 
in  step  4,  determine  the  point  on  the  heating  curve  at  which  the  critical 
point  in  the  product  would  have  received  pa  per  cent  of  the  lethal  heat 
necessary  to  sterilize,  without  including  any  part  of  the  cooling  curve. 
Designate  the  time  represented  by  this  point,  reckoned  from  the  time 
t  e  retort  reaches  holding  temperature,  by  the  symbol  d. 

7  Let  c  represent  the  come-up  time  and  i  represent  the  sterilizing 
value  of  the  come-up  time,  in  terms  of  holding  time,  expressed  as  per¬ 
centage  of  come-up  time.  We  have 


i  =  100 


(10.6) 


k  U  V  L°r  each  Valuc  of  6  calculated  in  step  5.  On  the  same 
graph  on  winch  the  curve  of  step  3  is  plotted,  plot  a  curve  showing  the 

relationship  between  i  and  j.  The  intersection  of  the  two  curves  marks 

™lues  of  t  and  j  which,  with  the  formula  method,  would  give  sul>- 

ai'tlal'y  tho  same  results  as  a  general-method  calculation 

...  ,  he  bating  curve  is  a  true  (straight)  semilog  curve  the  value  of  T 
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if  the  temperature  of  the  retort  rises  at  a  linear  rate,  i  should  come  out 
at  approximately  42  per  cent.  If  the  heating  curve  is  not  a  true  semilog 
cuive,  lg  lor  the  formula  method  will  not  be  the  same  as  that  for  the 
general  method.  For  conduction  heating  products  in  glass  containers, 
there  is  some  indication  that  %  <  42  per  cent  when  retort  temperature 
rise  is  linear.  The  reason  for  this  is  not  known,  but  the  possibility  of  its 
being  due  to  low  heat  conductivity  of  glass  compared  to  that  of  metal 
should  be  considered. 

After  making  the  above  determination  for  both  a  long  and  a  short 
come-up  time,  one  may  be  guided  by  those  results  in  estimating  the 
magnitude  of  the  adjustments  to  be  made  for  come-up  time  in  calcula¬ 
tions  by  the  formula  method.  It  should  be  mentioned  that,  with  con¬ 
vection  heating  products,  the  use  of  a  different  value  of  /  may  be  required 
for  a  short  come-up  time  than  for  a  long  come-up  time.  Always  remem¬ 
ber  that,  when  comparing  the  results  of  a  general-method  determination 
with  that  of  a  formula  calculation,  they  will  not  agree  unless  the  value 
of  i  used  in  adjusting  the  results  of  the  formula  method  applies  to  the 
come-up  conditions  represented  by  the  curve  to  which  the  general 
method  is  applied. 

If  the  lethal  value  of  the  cooling  period  in  a  process  to  which  the 
general  method  is  applied  is  greater  than  that  assumed  in  the  formula 
method,  and  the  process  calculated  by  the  general  method  is  equal  to 
that  calculated  by  the  formula  method  with  the  usual  correction  for  the 
come-up  time  (i  =  42  per  cent),  it  is  apparent  that  the  lethal  value  of 
the  come-up  time  of  the  process  that  produced  the  heating  curve  is,  in 
terms  of  holding  time,  less  than  42  per  cent  of  the  length  of  the  come-up 
time.  This  indicates  that  a  process  determined  by  the  general  method 
would  be  unsafe  if  the  cooling-time  lethality,  in  processing,  should  ever 
be  cut  to  that  which  is  assumed  in  the  formula  method. 

Cooling  Portion  of  Process — Procedure  B 

By  the  use  of  the  value  i  (step  8,  above),  in  connection  with  the 
formula  method,  the  part  of  any  discrepancy  between  results  with  that 
method  and  those  with  the  general  method  which  is  due  to  difference  in 
conditions  during  come-up  time  is  eliminated.  After  this  discrepancy 
has  been  eliminated,  one  must  decide  whether  or  not  the  cooling  condi¬ 
tions  of  the  process  permit  the  use  of  the  formula  method.  When  there 
is  no  complication  in  connection  with  the  come-up  portion  of  the  process 
when  the  heating  and  cooling  curves  are  straight  semilog  curves,  an 
when  there  is  complete  independence  between  the  slope  of  the  cooling 
curve  and  that  of  the  heating  curve,  as  is  permitted  in  the  formula 
method  of  Chap.  14,  it  is  generally  possible  to  calculate  a  process  m * 
factorily,  using  the  formula  method.  Nevertheless,  it  is  often  he  p 
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to  be  able  to  check  the  possibility  of  discrepancies  in  sterility  value  of 
the  cooling  portion  of  a  process  between  that  calculated  by  the  formula 
method  and  that  calculated  by  the  general  method.  Here  is  a  suggested 
procedure  for  analyzing  data  to  estimate  a  correction  for  a  process  calcu¬ 
lated  by  the  formula  method. 

1.  Consider  the  heating  and  cooling  curves  of  a  container  in  a  process 
having  a  come-up  time  of  m  min.  The  curve  should  show  the  most 
rapid  cooling  it  is  possible  to  employ  under  the  existing  physical  and 
mechanical  limitations  of  the  process. 

2.  Let  Gc  —  length  in  minutes  of  a  process  having  sterilizing  value  pai 

determined  by  general  method 

Bc  =  length  in  minutes  of  a  process  having  the  same  sterilizing 
value  pa,  determined  by  formula  method,  adjusted  by 
procedure  A  for  value  of  i 

CG  =  sterilizing  value  of  cooling  portion  of  process  determined 
by  general  method,  expressed  in  terms  of  minutes  holding 
time 

CB  =  sterilizing  value  of  cooling  portion  of  process  determined 
by  formula  method,  expressed  in  terms  of  minutes  of 
holding  time.  This  value  is  automatically  established  by 
slope  value  assigned  to  cooling  curve. 

3.  Determine  Gc  and  B,  for  the  process  having  come-up  time  m,  using 
the  value  i  (16.9)  in  making  a  come-up  time  adjustment  in  process  B 

Be  —  Gc  =  Cq  —  C b  —  C bg-  (16  7) 

CBG  is  the  correction  to  be  subtracted  from  Bc  to  adjust  for  the 
iscrepancy  in  sterilizing  value  of  the  cooling  period,  as  calculated  by  the 
ormula  method,  from  that  as  calculated  by  the  general  method. 

5.  For  general  application,  the  correction  should  be  made  as  a  per¬ 
centage  correction,  represented  by  the  formula 


100 


Be 


(10.5 


r'  “  d,et7mininf  B»  *  is  «iven  a  smaller  value  than  it  should  hav 
,  wi  be  larger  than  it  should  be,  which  means  that  CBa  (step  4)  will  I 
arger  than  .  should  be.  The  error  introduced  thereby  will  con— 

of  i  vXefe  tleToTe-up  time"  e'T°r  "***"*  f,0m  the 

die^c<>olfng^1^rried^cKnt1atnvarim^^tesPthe',^)OTe*;calclurit'* . * 

be  made  for  each  separate  rate  of  cooling  Unless  the  n 
spectied  in  regulations  is  to  vary  aecordtng  Mh  LTIV 
period  to  be  used,  carrying  out  procedure  ft  L  ® ,  gt“  °f  c°o1'" 
than  the  highest  possible  rate  L  be  only  of  aCa7mm *  C0°"n 
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In  summaiy,  the  steps  for  analyzing  the  data  to  determine  how  the 
formula  method  of  calculating  may  be  used  are  as  follows: 

1.  Apply  procedure  A  to  selected  curves  representing  both  long  and 
short  come-up  times. 

2.  Obtain  true  cooling  data. 

3.  Apply  procedure  B  to  a  curve  showing  the  most  rapid  cooling  that 
can  be  used  with  glass  jars  and  to  as  many  other  rates  of  cooling  as  it  is 
felt  desirable  to  co\rer. 

4.  A  decision  as  to  which  method  of  calculation  to  use  should  not 
depend  upon  whether  or  not  the  results  of  the  two  methods  agree  with 
one  another,  but  upon  which  method  giyres  most  readily  a  coverage  of  the 
processing  conditions  upon  which  a  process  to  be  specified  in  regulations 
is  to  be  based.  Before  deciding  that  the  general  method  will  give 
dependable  results  for  broad  application,  be  sure  to  analyze  thoroughly 
the  come-up  conditions  and  the  cooling  conditions  separately,  so  that 
the  minimum  possible  lethality  for  each  will  be  taken  into  account. 


A  MORE  DIRECT  METHOD  OF  CALCULATING  THERMAL  PROCESSES 


We  have  in  this  book  attempted  not  only  to  be  conscious  of  the  many 
shortcomings  of  the  methods  presented,  but  also  to  point  them  out  at 
frequent  intervals  in  order  that  no  one  may  be  decei\red.  It  is  more  than 
likely  that  some  readers  will  become  impatient  and  ask,  Why,  if  we  know 
these  deficiencies,  do  we  not  do  something  about  them?  For  the  benefit 
of  those  readers,  we  shall  indicate  briefly  in  this  section  what  can  be 
done — theoretically — and  we  shall  leave  it  to  the  reader  to  decide  tor 
himself  on  the  merits  of  the  suggestion  which  method  is  a  more  direct 

one  for  calculating  thermal  processes. 

It  should  be  stated  at  the  outset  that  this  method,  like  that  of  Sturnbo 
[2]  and  that  gi\ren  in  Chap.  15,  uses  as  its  criterion  of  sufficiency  the 

number  of  survivors  in  a  container. 

Assume  that  the  container  is  a  finite  cylinder  of  radius  R  and  height  2 h 
and  that  the  organisms  to  be  destroyed  are  not  distributed  at  random 
throughout  the  cylinder  but  are  distributed  uniformly  with  a  concentra¬ 
tion  of  p  organisms  per  cubic  centimeter.  I  his  last  assumption  is 
certainly  an  oversimplification.  Phelps  has  stated  that  if  Ar0  organisms 
are  present  at  the  beginning  of  a  heating  period  ot  /  min  at  T  deg,  t  e 
number  viable  after  heating  is 

N  =  Noc~keTl  =  Noe-k'ekiTt  (16,9) 


where  A',  k\,  and  A’2  are  constants, 
der  be 


Let  the  element  of  volume  of  the  cylin 

(16.10) 


dV  =  2 irr  dr  dz 
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If  the  distribution  of  organisms  is  uniform, 

dN0  =  '2wpr  dr  dz  (10.11) 

By  (16.9)  and  (16.11), 

dN  =  e~k'ekiTt  dNo  =  2tt Pre~k'ekiT‘  dr  dz  (10.12) 

The  next  step  is  to  express  the  temperature  in  terms  of  the  coordinates  r 
and  2  and  the  time  /.  For  this  purpose,  we  should  use  one  of  the  more 
precise  forms  given  by  Carslaw  [see  (7.3)],  but  we  will  again  oversimplify 
the  problem  by  using  the  approximation 

T  =  7\  -  (7',  -  T0)A1e-^t+^tJ0(Plr)  sin  A +  h)  (10.13) 

For  the  sake  of  simplicity,  we  write  this  as 


T  =  7\  -  Be  ctJ o(mi^)  sin  Aj(z  +  h )  (10.14) 

Substituting  (16.14)  in  (10.12)  and  integrating  over  the  entire  cylinder, 
we  get 

N  =  4irp  jo  jo  jo  re-k'“k'lr'-Bt~c‘J o<M,o.inAK.+oi  dr  dz  dt  (16  15) 

The  number  ol  viable  organisms  in  the  container  is  given  by  (16.15). 
All  that  remains  to  be  done  is  to  find  what  value  of  t  makes  N  less  than 
unity.  The  complexity  of  (16.15)  may  be  better  understood  by  con¬ 
sidering  the  integrations  separately.  With  respect  to  /,  the  integration 
is  of  the  form 

/  eale"ta‘  di 

With  respect  to  r,  the  form  is 


And  with  respect  to  z, 


J  re 


,ae  u  ' 


dr 


/  eae“ 8in  *  dz 


he  i emarks  in  this  section  are  not  facetious.  It  is  hoped  that  the 
soundness  ol  our  reasons  for  developing  the  theory  along  the  lines  which 
uere  followed  is  now  apparent.  It  is  our  opinion  that: 

-  -  -  ££ 

wouMrS^e  "l'i<'h  ?q“ired  the  direct 

least  as  great  as,  and be  * 
the  methods  presented  in  this  book.  '  ’  mt  a‘'e  mhore"t  in 
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In  other  words,  our  choice  oi  procedure  required  the  answering  of  this 
question:  Would  the  time  required  to  develop  a  method  by  the  direct 
integration  procedure  be  justified  by  improved  exactitude  of  results? 
W  e  think  not — not  only  for  the  reasons  just  given  but  also  for  the  reasons 
presented  in  Chap.  3  for  preferring  the  critical-point  criterion  in  the 
evaluation  of  sterilizing  processes. 

Using  equations  for  assumed  approximations  for  the  heating  curves, 
Jakobsen  [1]  carried  out  the  integration  of  an  expression  for  “process 
efficiency, ”  calculated  values  of  the  integrals  for  a  series  of  values  of 
parameters  in  the  expressions,  and,  using  these  values,  displayed  a  calcu¬ 
lation  of  F.  In  other  words,  he,  in  part,  performed  the  mathematical 
manipulation  which,  for  the  reasons  presented  above,  was  avoided  in 
the  development  of  the  methods  presented  in  Chaps.  11  to  15  herein. 
It  is  assumed  that  further  development  of  Jakobsen’s  calculation  pro¬ 
cedure  will  result  in  a  system  which,  in  operation,  will  resemble  the 
systems  presented  in  Chaps.  14  and  15. 


SYMBOLS 


Definitions  apply  only  to  this  chapter.  Symbols  not  listed  are  defined  in  previous 
chapters,  except  Chap.  13.  In  Chap.  16,  symbols  a,  b,  c,  d,  and  e  are  used  with 
various  meanings,  given  in  the  text. 


a 

Bc 

b 


Cb 

Co 

Cbg 

C 

d 


Gc 


Qhi 


Slope  of  heating  curve  showing  uniform  rate  of  temperature  rise. 

Length  in  minutes  of  a  process  having  sterilizing  value  pa,  determined  by 
formula  method,  adjusted  by  procedure  A  for  value  of  e. 

Length  of  process  in  minutes  required  to  produce  substantially  100  per  cent 
sterilization  during  come-up  and  holding  portions  of  a  process,  not  including 
effective  lethal  heat  during  cooling,  as  determined  by  formula  method  of 
calculation  with  arbitrarily  assumed  value  of  j. 

Sterilizing  value  of  cooling  portion  of  a  process  determined  by  formula 
method,  expressed  in  terms  of  minutes  of  holding  time. 

Sterilizing  value  of  cooling  portion  of  a  process  determined  by  general  method, 
expressed  in  terms  of  minutes  of  holding  time. 

Correction  to  be  subtracted  from  Bc  to  adjust  for  discrepancy  in  sterilizing 
value  of  cooling  period  as  calculated  by  formula  method  from  that  as  ca  cu 
lated  by  general  method. 


une-up  time  in  minutes. 

■ngth  of  process  in  minutes  required  to  produce  substantially  100  pci  ten 
?rilization  during  come-up  and  holding  portions  of  a  process,  not  mcludi  g 
’ective  lethal  heat  during  cooling,  as  determined  by  general  n 

lculation.  .  .  l  v 

mgth  in  minutes  of  a  process  having  sterilizing  value  pa,  determine! 

neral  method.  ,  Q 

ifference  in  degrees  between  retort  temperature  T ,  and  tempera!  ure  , 
mperature  T„  is  reached  after  break  in  heating  curve. 
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i  Sterilizing  value  of  come-up  portion  of  a  process,  in  terms  of  holding  time, 

expressed  as  percentage  of  come-up  time,  as  shown  by  general  method  of 
calculation.  In  Chap.  15,  i  has  a  different  meaning. 

N  Number  of  viable  organisms  present  after  heating. 

No  Number  of  microorganisms  present  at  beginning  of  a  heating  period. 

PU  Pasteurization  unit,  used  to  express  lethality  value  in  region  of  low  temper¬ 
atures.  PU  is  number  of  minutes  required  to  destroy  microorganism  at 
140°F. 

p  Number  of  microorganisms  present  per  milliliter. 

Ta  Constant  temperature  having  same  sterilizing  value  as  a  process  of  length 
h  min  when  heating  rate  is  linear. 

h  Time  in  minutes,  reckoned  from  beginning  of  a  process,  required  for  food  to 

reach  a  given  temperature  when  heating  rate  is  linear. 

tCh  Number  of  minutes  after  break  in  heating  curve  necessary  to  hold  container 
at  retort  temperature  1\  to  give  a  sterilizing  process  when  difference  between 
T\  and  T0  is  not  less  than  0.1°. 


LITERATURE  CITED 

1.  Finn  Jakobsen:  Notes  on  process  evaluation,  Food  Research,  19:66  (1954). 

2.  C.  R.  Stumbo:  New  procedures  for  evaluating  thermal  processes  for  foods  in 
cylindrical  containers,  Food  Technol.,  7:309  (1953). 

3.  C.  T.  Townsend,  J.  M.  Reed,  J.  McConnell,  M.  J.  Powers,  W.  B.  Esselen,  Jr., 
I.  I.  Somers,  J.  J.  Dwyer,  and  C.  O.  Ball:  Comparative  heat  penetration  studies  on 
jars  and  cans,  Food  Technol.,  3:213  (1949). 


AUTHOR  INDEX 


Akahira,  T.,  315 
Alexander,  J.,  181 
Amdursky,  S.  S.,  34 
Anderson,  J.  B.,  85 
Anglim,  T.  H.,  71 

Appert,  Nicolas  Francois,  15-16,  19 
Baker,  H.  A.,  91 

Ball,  C.  O.,  12,  25,  27,  72,  83,  89,  96,  101, 
155,  234,  280,  282,  291,  299,  320,  322, 
324,  511,  568,  593,  633 
Baselt,  F.  C.,  170,  171 
Beamer,  P.  R.,  166,  167 
Benjamin,  H.  A.,  213 
Bergey,  D.  H.,  135 

Bigelow,  W.  D.,  25,  90,  201,  290,  291,  297 

Bigg,  Edward,  166 

Bingham,  E.  C.,  266 

Bitting,  A.  W.,  17,  18,  74,  200-201 

Bitting,  K.  G.,  200 

Bohart,  G.  S.,  25,  72,  312 

Bohrer,  C.  W.,  119 

Bo  vie,  W.  T.,  208 

Boyd,  G.  D.,  xii,  83,  415 

Brendol,  L.  H.,  34 

Brenner,  Sadie,  592 

Bridgman,  P.  W.,  191 

Bronfenbrenner,  J.,  208 

Buchanan,  R.  E.,  159,  187,  188 

Burton,  L.  V.,  vii,  xii 

Byerly,  W.  E.,  222 

Cameron,  E.  J.,  25,  166 
Carslaw,  H.  S.,  215,  218,  222,  223,  228 
631 

Cass,  G.  V.,  305 
Chambellan,  P.,  91 
Cheftel,  H.,  91 

Chevallicr-Appert,  Raymond,  17 
Chick,  Harriette,  159,  177 
Churchill,  R.  V.,  222,  243 
Clifcorn,  L.  E.,  79,  83 
Cochran,  Jeanne,  119,  600 
Cruess,  W.  V.,  31 
Culpepper,  C.  W.,  201 


Dillman,  Robert,  90 
Dwyer,  J.  J.,  633 

Ecklund,  O.  F.,  119,  205 
Emde,  F.,  315 
Esmarch,  E.  von,  180 
Esselen,  W.  B.,  Jr.,  249,  633 
Esty,  J.  R.,  170,  171,  290 

Fagerson,  I.  S.,  249 

Feaster,  J.  F.,  510,  606 

Fenn,  W.  B.,  95 

Fisher,  J.  C.,  115,  273,  274 

Flannery,  W.  A.,  91 

Ford,  K.  L.,  31,  205 

Fourier,  Jean  B.  J.,  125,  128,  227 

Freed,  Myer,  592 

Freundlich,  H.,  270 

Fulmer,  E.  I.,  159,  187,  188 

Gammon,  R.  C.,  91 
Gillespy,  T.  G.,  113 
Glaisher,  J.  W.  L.,  315,  327 
Goldblith,  S.  A.,  119 
Green,  George,  215 
Grindrod,  George,  98 

Hall,  M.  B.,  34 
Harrison,  W.  H.,  91 
Harting,  H.  H.,  34 
Hauser,  E.  A.,  270 
Hickey,  Frank,  77 
Hicks,  E.  W.,  113,  261 
Holloman,  J.  H.,  115 
Hull,  A.  W.,  71 
Hurwicz,  IE,  571 

Ingersoll,  A.  C.,  215,  218,  223,  226 
Ingersoll,  L.  R.,  215 

Jackson,  Dunham,  222 

Jackson,  J.  M.,  230,  263,  265,  272,  510 
571,  592 

Jackson,  R,  F.,  266 
Jaeger,  J.  C.,  215 


636 


STERILIZATION 

Jahnke,  E.,  315 
Jakobsen,  Finn,  130,  032 
Jarvis,  J.  W.,  35 
Jensen,  L.  B.,  143 
Jones,  Fernando,  71 

Katzin,  L.  I.,  185,  000 
Knaysi,  George,  100 
Kochs,  J.,  200 
Kruyt,  H.  R.,  181 

Lam£,  Gabriel,  215 
Lang,  O.  W.,  25 
Laplace,  Pierre  Simon  de,  215 
Lea,  D.  E.,  110,  118 
Licks,  H.  E.,  144 
Liouville,  Joseph,  215 
Locke,  91 

Lucciardello,  J.  L.,  249 
Lutman,  B.  F.,  159,  180 
Lyon,  L.  S.,  34 

McAdams,  W.  H.,  254,  258,  201 
McConnell,  J.  E.  \\\,  249,  571,  033 
McLachlan,  N.  W.,  222 
Macphail,  Andrew,  20 
Magoon,  C.  A.,  201 
Marsh,  G.  L.,  94 
Martin,  C.  J.,  159 
Mellody,  M.,  100 
Merrill,  C.  M.,  100 
Meyer,  K.  F.,  vi,  25 
Morgan,  B.  H.,  119 
Morowitz,  H.  J.,  119 
Moulton,  C.  R.,  150 
Murphy,  J.  R.,  119,  GOO 

Nelson,  Paul,  95 
Nickerson,  J.  T.  R.,  119 

Okada,  Mituyo,  230,  249,  254,  201 
Olson,  F.  C.  W.,  49,  215,  220,  230,  235, 
249,  205,  272,  303,  514,  571,  592 
Orem,  H.  S.,  18 
Osborne,  A.  G.,  205 

Parcell,  J.  W.,  31 
Pasteur,  Louis,  7,  20 
Patashnik,  M.,  303 
Phelps,  E.  B.,  177,  030 
Pilcher,  R.  W.,  510,  GOG 
Poisson,  Simeon  D.,  215 
Powers,  M.  J.,  033 
Pratt,  G.  B.,  1 19 
Prescott,  S.  C.,  19,  20,  23,  200 
Proctor,  B.  E.,  113,  119 


FOOD  TECHNOLOGY 

Ralm,  Otto,  281 
Raney,  M.  H.,  31 
Reed,  C.  E.,  270 
Reed,  J.  M.,  033 
Richardson,  A.  C.,  25,  312 
Riedel,  L.,  593 
Roberts,  I.  L.,  71,  75 
Russell,  N.  L.,  25 

Salle,  A.  J.,  159,  108 
Sampson,  D.  F.,  35 
Sandholzer,  L.  A.,  185,  000 
Saunders,  O.  A.,  205 
Schmid,  N.  C.,  34,  35 
Schmidt,  C.  F.,  1 19,  100,  GOO 
Schultz,  O.  T.,  215,  220,  249,  303,  316, 
514,  592 

Shriver,  A.  K.,  18 
Smith,  H.  L.,  Jr.,  101 
Sognefest,  P.,  75 
Solomon,  Isaac,  18 
Somers,  I.  I.,  27,  033 
Sporle,  C.  H.,  80 
Steerup,  Godfrey,  72 
Stern,  J.  A.,  119,  281 
Stevens,  H.  P.,  514 
Stimpson,  R.  H.,  85 
Strong,  Mary  E.,  185,  000 
Stumbo,  C.  R.,  110-113,  119,  125,  126, 
129,  130,  160,  279,  281,  297,  569,  570, 
571,  573,  600,  630 

Tanner,  F.  W.,  13,  141,  142,  166,  167 
Taylor,  F.  K,  34 
Thompson,  G.  E.,  201,  208,  354 
Thuillot,  M.  L.,  91 
Tischer,  R.  G.,  130,  571 
Topley,  W.  W.  C.,  159 
Townsend,  C.  T.,  31,  170,  171,  625 
Tyndall,  John,  26 

Underwood,  W.  L.,  19-20,  24,  200 

Vaughn,  W.  E.,  91 
Viljoen,  J.  A.,  159,  164,  183,  290 

Weinhausen,  K.,  200 
White,  W.  W.,  35 
Whitmore,  R.  S.,  77 
Wiegand,  E.  H.,  91 
Wilbur,  P.  C.,  77 
Williams,  C.  C.,  157,  166,  290 
Wilson,  G.  S.,  159 
Winslow,  Isaac,  17 
Wodicka,  V.  O.,  592 

Zobel,  O.  J.,  215 


SUBJECT  INDEX 


A  research,  4 

concerned  with  observed  phenomena,  5 
Absorption  of  rays,  178 
Acceleration  by  gravity,  254,  257,  25(J 
Acid  products,  processing,  16,  22,  24,  255, 
263-264 

Acidification  of  foods,  59 
Acidity  of  food,  effect  on  process,  16 
Actinomycetales,  136 
Action  of  rays,  cumulative,  1 18 
single-unit,  118 

Additive  propertj’  of  sterility,  184-186, 

291 

Advances  in  processing  technic,  10,  17- 
19,  22-23 

Aerobes  (aerobic  bacteria),  154 
Aerodynamics,  222 
Agar  slant,  140 

Aggregate,  effect  of  complexity  on  analy¬ 
sis  of,  3 

increase  in  complexity  of,  3 
Agitating  process,  35,  74-88 
Agitating  retort,  22 
vacuum  process,  75-76 
Agitation,  effect  on  heat  penetration,  279 
effect  on  quality,  36 
Air,  behavior  of,  with  steam,  42 
circulation  of,  in  processing,  88 
density  of,  in  retort,  44 
diffusion  with  steam,  40,  45,  51 
sterilization  of  containers  in,  37,  86-88 
trapped  in  retort,  38 
water  circulation  maintained  by,  32 
Air  blanket,  formation  of,  48 
Air  pocket  in  retort,  38,  43,  44,  58 
Air  pressure  in  retort,  32-52,  66 
use  in  cooling,  54 

Air-steam  mixture  (see  Steam-air  mix¬ 
ture) 

Air  supply  line,  32 
Algae,  134,  137 

Alignment  of  food  solids  in  container,  57 
American  Can  Company,  201 
American  Colloid  Company,  266 
American  Meat  Institute,  156 
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Amoebae,  182 

Anaerobes  (anaerobic  bacteria),  154,  156 
Anchor  Cap  and  Closure  Company,  31 
Anderson-Barngrover  cooker,  22,  74-76 
Angular  coordinates,  229 
Appert,  Nicolas  Francois,  food  preserva¬ 
tion  before,  15-16 
food  sterilizing  process  of,  16,  23 
efficiency  of,  17,  20 

Applied  science  identical  to  fundamental 
science,  6 

Area,  sterilization,  386-387,  390 
unit  sterilization,  293-296,  299,  385, 
389,  574 

Artichokes,  processing  of,  59 
Asbestos  tubing,  201,  205 
Ascomycetes,  136 
Asepsis,  15-16 

Aseptic  canning,  92,  95-96,  99 
of  cocoa  product,  96-97 
ASME  Code  for  Unfired  Pressure  Vessels, 

31 

Asparagus,  20 

processing  of,  57,  255 
Asparagus-style  vegetables,  255 
Assumptions  of  calculation  methods,  330- 
332 

Asymptote,  195-197,  214,  231-233,  243- 
244,  320 

origin  of,  196,  214 
Asymptotic  expansion,  315 
Autoclave,  patent  on,  17 
problems  of  operation  of,  17 
use  of,  in  bacteriology,  141 
in  food  sterilization,  17-18 
Automatic  regulator,  35 
Automatic  retort  control,  history  of,  34 
value  of,  34 
Autosterilization,  138 
Average  E  value,  569 
Average  F  value,  588,  592 
Average  g  value,  574,  591,  600 
Average  temperature  within  container 
569,  574,  592,  597 
Avoset  process,  98-99 
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Bacillus,  13G 
Bacteria,  aerobic,  154 
anaerobic,  154,  156 
classification  of,  134-136 

according  to  growth  temperature, 
139 

according  to  respiratory  characteris¬ 
tics,  154 

classified  as  plants,  133-134,  137 
colony  of,  134 
in  cooling  water,  60 
culture  of,  140-141 
facultative,  154 
fission  of,  137 
germination  of,  115,  158 
inoculation  with,  8,  141-142,  284 
life  cycle  of,  143-153 
metabolism  of,  138 
microaerophilic,  154 
mixed  culture  of,  166-167 

effect  of,  on  survivor  curve,  166 
multiplication  of,  137-153 
nature  of,  133-136 
nonspore-forming,  135-136 
pathogenic,  136 

resistance  of,  to  heat  ( see  Resistance  to 
heat) 

rod-form,  135-136 
root  nodule,  155 
spherical,  135 
spiral-form,  135 
spore-forming,  135-136 
survival  range  of,  139 
thermophilic,  66 
Bacteriaceae,  136 

Bacterial  cell,  coagulation  of,  181-182 
demise  of,  147,  158,  175,  190-191 
generation  of,  190-192 
germination  of,  158 
proteins  of,  158-159,  181 
volume  of,  138 
Bacterial  contamination,  19 
Bacterial  death,  157-159,  167,  181,  280 
kinetics  of,  133,  143-153 
mechanism  of,  177,  182-183 
rate  of,  166-167 
Bacterial  decomposition,  138 
Bacterial  growth,  conditions  inhibiting, 
15,  138-139 
curve,  149-152 

effect  of  temperature  on,  139-140 
kinetics  of,  133,  137-138,  143-153 
lag  phase  of,  140 

logarithmic  phase  of,  143,  153—154 
mathematical  prediction  of,  11,  137- 
138,  143-154 
mechanism  of,  140 


Bacterial  growth,  rate  of,  140 

time-numbers  relationship  in,  143-144 
Bacterial  spores,  135-136 
Bacterial  substrate,  139,  144,  152,  279 
Bacteriological  media,  138-139,  182,  279 
sterilization  of,  26 
Bacteriological  technics,  133 
Bacteriology  of  processing,  25 
Bakelite  thermocouple,  205-209 
Basic  science,  4 
Basidiomycetes,  136 
Baskets,  retort  (see  Crates) 

Bath,  salt,  corrosion  of  containers  in,  18 
explosion  of  containers  in,  18 
used  in  processing  food,  17 
vapor  pressure  of,  43 
Baths,  sodiunfand  calcium  chloride,  boil¬ 
ing  points  of,  18,  42 
Beans,  contamination  of,  20-21 
cut,  processing  of,  57,  255 
green,  20 
lima,  20 

processing  of,  287 
wax,  20 

whole,  processing  of,  255 
Beef,  roast,  process  for,  88 
Beer,  process  for,  625 
Beets,  process  for,  255,  287 
Behavior,  analysis  through  field  concept,  3 
of  man,  mathematical  treatment  of,  3 
of  microorganisms  in  food,  mathemati¬ 
cal  treatment  of,  10 
influence  of  osmosis  on,  10 
influence  of  surface  tension  on,  10 
Bentonite,  230,  234,  266-272 
Bentonite  suspension,  physical  properties 
of,  270 

stabilization  of,  267 
Berlin-Chapman  Co.,  36 
Bessel  function,  222-224,  226,  247,  324, 
571-572,  601 

Big  Stone  Canning  Co.,  35 
Biological  entities,  inactivation  of,  25 
Biological  problem,  example  of  mathe¬ 
matical  solution  of,  4 
Biologicals,  lethal  treatment  of,  25 
Blancher,  contamination  of,  20-22 
rotary  drum,  21 
tubular,  20 

Blanket,  air,  formation  of,  48 
Bleeders,  retort,  30,  58 
Blueberries,  spoilage  of,  157 
Boiling,  definition  of,  51 
of  water  in  retort,  49-52 
Boiling  point,  of  calcium  chloride  solu¬ 
tion,  18,  42 

of  sodium  chloride  solution,  18,  42 
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Botulinus  poisoning  in  pears,  155 
Boundary,  circular,  222 
Boundary  layer,  262 
Box,  stuffing,  201-206 
Boyle’s  law,  38 
Brass  tubing,  201-202 
Brick,  230-231,  235,  247 
Briggs  logarithms,  145,  164 
Broguing,  23 

Broken  heating  curve  ( see  Curve, 
heating) 

Broth,  processing,  195 
Brownian  movement,  180 
Bryophyta,  136 
Buckling  of  can  ends,  85 
By-pass,  steam,  30,  63 

Calcium  chloride  bath  for  processing 
food,  boiling  point  of,  18,  42 
disadvantages  of,  18 

Calculation  method,  process,  criterion  of, 
115-116,  124 

experimental  check  of,  10,  280,  282 
technics  of,  117 

Can  chart  for  conduction  heating,  239 
Can  factor,  235-239,  241,  247,  251,  252 
Can  index  numbers,  241,  243 
Can-temperature  tester,  Taylor,  213 
Can  wall,  heat  transfer  through,  262 
Canal,  cooling,  261 
Canner,  The,  91 
Canning  Age,  35 

Canning  industry,  history  of,  vii,  23-24 
Canning  procedure,  57-59 
Canonical  temperature  scale,  216,  227, 
242,  319,  413 
Cans,  buckling  of,  85 
dimensions  of,  xii 
double  seams  of,  60 
stacking  of,  in  retort,  28 
strain  of,  in  process,  53,  60,  85 
tin,  first  use  of,  17,  19 
Cartesian  coordinates,  247 
Cathode  rays,  effects  of,  on  organic  cells, 
114 

Center,  can,  food  spoilage  in,  23-24 
geometric,  229 
Centigrade  scale,  216 
Cereals,  process  for,  93 
“Chatter”  controlled  by  air  pressure,  32 
Check,  experimental,  10,  280,  282 
Chemical  entities,  inactivation  of,  25 
Chemicals,  food  preservation  with,  15 
Chest,  steam,  141 
Chlamydobacteriales,  136 
Chlorination  of  blancher  water,  21 
Chop  suey,  process  for,  93-94 
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Circular  boundary,  222 
Circulation,  steam-air,  44,  46,  48 
water,  maintained  by  air,  32 
maintained  by  pump,  33,  63 
Cladoceran  Daphnia,  167 
Classification  of  bacteria,  134—136,  139, 
154 

Closing  machine,  205 
Closing  temperature,  definition  of,  58 
effect  of,  on  heating  curve,  274-275 
on  vacuum,  58 
Clostridium,  136-137 
botulinum,  155-156,  170 
schottmuelleri ,  136-137 
tetani,  136-137 
welchii,  136-137 
Coccaceae,  136 
Cocci,  description  of,  135 
importance  of,  in  food,  135 
Cocoa  product,  processing  of,  96-97 
Coding  containers,  65 
Coefficient,  conductivity,  593 
constant,  226 
surface,  225,  226 

transfer,  225,  226,  250-251,  257-259, 
261 

transmission,  218 

Cold  junction  of  thermocouple,  208-210 
Collin,  pioneer  in  use  of  salt  bath,  18 
Colloid  chemistry,  mathematical  predic¬ 
tions  in,  11 
Colloid  system,  181 

Color  of  food,  impairment  of,  by  heat,  19 
Coming-up  time,  23,  28,  58,  61,  63,  66, 
208,  210-211,  282,  316,  353-356, 
593-596,  626-630,  632 
lethal  value  of  ( see  Lethality  value) 
Commensalism,  154-155,  282 
Commercial  processes  lengthened  in 
“cut-and-try  ”  operation,  19 
Commercial  sterility,  13 
Comparison,  factorial  basis  of,  287 
Complexity,  structural,  related  to  mathe¬ 
matical  treatment,  12 
Concentration  of  microorganisms,  effect 
on  heat  resistance,  112-114,  131, 
184-185,  280 

Concept,  of  heat,  179-182 
of  sterility,  183-185 
of  temperature,  4,  179-182 
of  thermal  death  time,  116-117,  168, 
176,  183-185,  291 
Condensation,  dropwise,  259-260 
film-type,  258-259 
latent  heat  of,  259 
of  steam,  40,  258-261 
of  water  vapor,  43 
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Conditions,  experimental,  control  of,  8 
processing,  shown  by  curves,  8 
Conductance,  film,  270 
surface,  effect  on  /,  245 
effect  on  j,  244 
Conduction,  heat,  219 

by  thermocouple  wires,  279 
Conduction  heating,  111,  130,  215-220, 
228,  235-239,  250,  253,  250,  205, 
208-270,  308,  598-599,  002-004,  011, 
027 

can  chart  for,  239 

can  factor  for,  235-239,  241,  247,  251, 
252 

theory  of,  215 

Conductivity,  surface,  217-218,  223 
thermal,  219,  220,  234,  259 
coefficients,  593 

Constantan-copper  thermocouple,  202- 
207,  209 

Container,  corrosion  of,  in  salt  bath, 

18 

critical  point  in  ( see  Critical  point) 
for  electrical  heating,  7 1-72 
end-over-end  rotation  of,  79-82 
explosion  of,  on  heated  surface,  37 
in  salt  bath,  18 
flexibility  of,  272 
food  solids  in,  57 
in  gas,  99 

glass  ( see  Glass  containers) 
holding  before  processing,  57,  65 
sealing  under  pressure,  96,  102 
sealing  temperature  of,  57-64 
size,  effect  of,  24 
sterilization  of,  in  air,  37,  98 
strain  of,  in  processing,  58 
unit  volume  in,  1 10 
vacuum  in,  57,  58,  212,  256 
Contamination,  of  blanchers,  20-22 
of  canning-plant  equipment,  20-21 
of  food,  bacterial,  19 

controlled  through  sanitation,  20 
soil-borne,  20 

with  spoilage  microorganisms,  19-22 
Continental  Can  Company,  36,  91 
Continuous  function,  244 
Continuous  retort,  22 
advantages  of,  35 
Control,  retort,  53 
automatic,  34 

Universal  Retort  Control  System, 
35,  67-68 

Controller,  cycle,  35,  67-68 
pressure,  27,  62,  208 
temperature,  27,  61-63,  208 
water-level,  62 

Convection,  thermal,  ideal,  250,  264,  308 


Convection  currents,  47,  57,  89,  111  130 
250,  253,  269 

artificially  induced,  78,  88,  256,  260 
intensity  of,  253 
natural,  265 
path  of,  267 

Convection  heating,  249-257,  264-269 
308 


can  factors  for,  235-239,  241,  247,  251 
252 


in  canned-foods  processing,  254 
conversion  factors  for,  252 
effect  of  shape  of  pieces  on,  255 
index  of,  253 
Okada  theory  on,  254 
Conversion  factor,  239,  252-253,  256 
Cooker,  Anderson-Barngrover,  22,  74-76 
continuous  pressure,  35-36 
end-over-end,  79-82 
hot-air,  37,  86-88 
Johnson,  77 

spiral-type,  74-75,  77-78 
Thermo-Roto,  36,  83-84 
Wonder,  36 
Cooling,  in  air,  59,  261 

in  heat-penetration  test,  212 
instantaneous,  454 
pressure,  54,  60,  209 
specifications  for,  59 
Cooling  canal,  261 
Cooling  curve  (see  Curve) 

Cooling  time,  23,  26,  61,  66,  211,  316,  626, 
629,  630 

Cooling  water,  261 
bacteria  in,  60 
sprays,  88 

temperature,  332,  358,  398,  401,  412, 

,  504,  568,  601 

Coordinates,  angular,  229 
Cartesian,  247 

cylindrical,  247,  570,  601,  604,  605 

of  iso-j-surfaces,  572 

polar,  570 

position,  229 

semilog,  600 

of  slab,  221 

volume,  571,  573 

Copper-constant  an  thermocouple,  202- 

207,  209 


>per  tubing,  201-202 
n,  curdling  of,  77-78 
ffect  of  agitation  on,  35,  76-78,  195, 
197,  235,  295,  354,  580-587,  58.) 
free”  starch  in,  78 
eat  penetration  in,  24 
rocess  for,  20,  23,  75,  84,  89-94,  97 
acuum-packed,  75,  84 
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Correlation  of  dimensionless  ratios,  20 1, 
292,  311 

Corrosion  of  containers,  in  high-boiling- 
point  liquid,  84 
in  oil,  84 

in  propylene  glycol,  84 
in  salt  bath,  18 
Crates,  retort,  28,  63 
•dimensions  of,  32 
supports  for,  63 
Cremogevac,  90 

Criterion,  of  death  ( see  Bacterial  death) 
of  sterilization,  8,  23-24,  111,  125,  129, 
297 

critical  point,  8,  23-24,  632 
present  status  of  question,  129 
of  sufficiency  of  process,  111-113,  115- 
116,  131-132,  626. 

Critical  point,  in  container  of  food,  8,  23, 
110,  255,  358,  398,  411,  458,  459,  463, 
470,  487-489,  491-492,  494,  496-499, 
501-507,  575,  578,  589,  592-593,  597, 
599,  601-605,  614-616,  627 
location  of,  130,  241,  243,  247,  354, 
377-378,  380 
Critical  temperature,  25 
Cross,  four-legged,  31 
Culture  of  bacteria,  140-141 
Cumulative  action,  1 18 
Currents,  convection  ( see  Convection  cur¬ 
rents) 

Curve,  cooling,  193,  269,  320-325,  382, 
388,  414 

generalized,  412-415,  507 
growth,  of  bacteria,  149-152 
heating,  8,  193-200,  228,  247,  268,  272- 
275,  296,  313-314,  355,  413-414, 
626-628 

broken,  49,  52,  197,  269,  295,  308, 
357,  377-378,  380-393,  399-401, 
405,  407,  454-461,  463,  465-467, 
474,  479,  481,  483,  487,  489-492, 
494-497,  504-505,  578,  595,  632- 
633 

model  (generalized),  411-412,  507, 
604 

plotting  of,  194-195,  213 
simple,  455,  458,  460-461,  486,  498- 
499,  595,  617 
tangent  to,  232,  247 
theory  of,  228-247 
heat-penetration  (see  heating  above ) 
lethality,  298,  302-303,  314,  383-387, 
390-393,  417,  595 
Pc-g,  slope  of,  443 
phantom,  300,  511 
rate  of  destruction,  156,  159-160 
semilog  ( see  Semilog  curve) 


Curve,  sterility,  292-296,  299-303,  414- 
415,  418 

survivor  ( see  Survivor  curve) 
thermal  death  time  ( sec  Thermal  death 
time  curve) 

thermal  destruction  time,  415,  446,  504, 
512-516,  599,  600 
Curvilinear  solid,  221 
“  Cut-and-try  ”  operation  in  processing, 
19 

Cycle,  life,  of  bacteria,  143-153 
log,  161,  190,  196,  232,  247 
of  readings,  210 
retort,  33 

Cycle  controller,  35,  67-68 
Cylinder,  axis  of,  226 
diameter  of,  230-233,  235-236,  245- 
247,  261 

finite,  226,  228,  230-232,  234-235,  245, 
261,  570,  597,  630 
height  of,  230 

infinite,  221,  230-231,  235,  245 

heating  of,  finite  surface  resistance, 
223 

surface  at  zero  temperature,  223 
length  of,  230-233,  235-236,  245,  247, 
257 

radius  of,  226 
squat,  230 

Cylindrical  containers,  249-257 
nested,  570 

Cylindrical  coordinates,  247,  570,  601, 
604,  605 


Dalton’s  principle,  38 
Daphnia,  167 

Data,  heat  penetration,  212,  611-612, 
626 

reliability  of,  290 

Death  of  bacteria  ( see  Bacterial  death) 
Death  point,  25 
Decay,  organic,  law  of,  178 
Decimal  reduction  time,  162-164,  185 
187-189,  600 

Decomposition,  bacterial,  138 
Dehydration,  15 

food  preservation  by,  16 
Delayed  germination,  158 
Demise  of  cell,  147,  158,  175,  190-191 
Density,  226,  234,  254,  257,  259,  271, 
276 

of  air  in  retort,  44 
of  water  vapor,  42 
Desiccation,  16 

Designation  of  processes,  23-24 
Destruction  point,  170-172,  590 
Diagram,  sterility,  292-294 
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Dielectric  heating,  70 
Diffusion,  222 
of  water  vapor  in  air,  41 
Diffusivity,  thermal,  217,  226,  228-220 
234-236,  240-241,  247,  264,  279  '  ’ 
Dimension,  linear  unit  of,  226 
Dimensional  theory,  254 
Dimensionless  ratio,  261,  292,  311 
Dimensions,  cans,  xii 
glass  containers,  66 
Diplococcus,  135 
Discontinuity,  finite  point,  244 
Discontinuous  function,  244 
Distribution,  of  initial  resistance,  111 
of  steam,  27,  31 

in  glass  processing,  31 
of  temperature  (see  Temperature) 
Divided  process,  379-393,  455-461,  463- 
465,  467,  474-477,  481-485,  487,  489, 
491-492,  494,  496-499 
Divider  plates  in  retort  baskets,  28 
Dormancy  of  spores,  26 
Dose  of  lethal  agent,  117 
Double  retorting,  23 
Double  seams  of  cans,  60 
Drained  weight,  212 
Drains,  retort,  30,  63 

in  glass  processing,  32 
Dropwise  condensation,  259-260 
Dummy  indices,  226 

Ebvdlition  ( see  Boiling) 

Economy  as  process  requirement,  14 
Effect,  sterilizing,  25 
Electrical  heating  process,  prospects  for, 
72-73 

Electrical  waves,  heating  by,  69-73 
Electrocardiograph,  3 
Electroencephalograph,  3 
Electromagnetic  forces,  behavior  con¬ 
trolled  by,  2 

mathematical  treatment  of,  3,  10 
Electropure  process,  70 
Electrostatics,  222 
Element,  volume,  44-46,  316 
End  of  can,  profile  of,  85 
End-over-end  process,  79-82 
consistency  of  product  in,  82 
speed  of  rotation  in,  79-82 
Energy,  heat,  193-194 
of  ions,  183 

of  molecules,  179,  182-183 
of  steam,  45-49 
Engineering  function,  244 
Entities,  biological,  inactivation  of,  25 
less  complex  types  of,  4 
chemical,  inactivation  of,  25 
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Entities,  as  essence  of  science,  2 
Enzymes,  destruction  of,  25,  73,  129 
Equation,  heat  conduction,  219’ 
heating,  226,  228 
semilog,  161-164,  198-200 
of  sterility  curve,  414 
of  survivor  curve,  176,  178 
of  TDT  curve,  172 
Equatorial  spores,  135 
Equilibrium  in  steam-air  mixture,  38-52 
Equipment,  canning-plant,  contamina¬ 
tion  of,  20-21 
slime  in,  21 

heat  penetration,  200-208 
processing,  75,  83-89 
retort,  27-28,  53,  60,  208 
care  of,  55,  64 

Equivalent  processes,  377-379,  387,  462 
470-471 
Error,  in  /,  235 
in  j,  229 

Eubacteriales,  136-137 
Examples,  problem,  253,  291,  292,  294, 
297,  302,  333,  350,  380,  387 
Experiment,  as  substitute  for  mathe¬ 
matics,  5 

reproducible,  foundation  of  present- 
day  science,  2 

Experimental  check  of  calculations,  10, 
280,  282 

Experimentation,  reduction  of,  by  mathe¬ 
matical  treatment,  1-2,  5,  10 
Explosion  of  containers,  on  heated 
surface,  37 
in  salt  bath,  18 
Exponent,  reduction,  191 
Exponential  integral  [-Ei(-x)],  315, 
328,  329,  357 
WPA  tables  of,  327 

F  research,  4 

concerns  magnitude  of  forces,  5 
defined,  5 

may  be  applied  or  basic  research,  6 
not  applicable  to  complex  organisms,  6 
slow  progress  in,  12 
verified  mathematically,  6 
F  value  ( see  Lethalitv  value) 

Factor,  can,  235-239,  241,  247,  251,  252 
conversion,  239,  252-253.  256 
lag,  196-197,  229-234,  241-245,  247, 
250-252,  267,  275,  319,  353,  401, 
412,  502,  568,  571,  578,  580-581, 
583-584,  586-587,  627 
proportionality,  111,  177,  596 
safety,  155-157 

Factorial  basis  of  comparison,  287 
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Factors,  influencing/,  234 
influencing  j,  229 

Factory  survey,  microbiological,  20 
Facts,  scientific,  definition  of,  4 
Facultative  bacteria,  154 
Fahrenheit  scale,  216 
Fallacies,  mathematical,  144 
Fastier,  pioneer  in  pressure  cooking,  17 
Favre,  pioneer  in  use  of  salt  bath,  18 
Fermentation,  food  preservation  by,  15 
Field  concept,  3 
Film  conductance,  276 
Film-type  condensation,  258-259 
Fish,  processing  of,  88,  94,  195,  231,  263- 
264 

Fishtail  nozzles,  31 
Fission  of  bacteria,  137 
Flash  sterilization,  316,  622 
Flat  sour  organisms,  21,  280 
No.  1518,  101 
spores,  21,  280 
Flea,  water,  167 
Flexibility  of  containers,  272 
Flippers,  58 

Flow,  heat,  180,  219,  222 
Food  (journal),  91 

Food,  in  containers,  methods  of  heating, 
37 

types  of,  for  electrical  heating,  72 
Food  Industries,  34 

Food  Machinery  and  Chemical  Corp.,  36 
Food  Manufacture,  91 
Food  poisoning,  136,  156 
Food  quality,  effects  of  heat  on,  11 
Food  solids  in  container,  57 
Force,  electromagnetic,  controls  be¬ 
havior  of  particles,  2 
resultant,  mathematical  treatment  of, 
2,  10 

shearing,  270 

Forces,  balanced,  in  complex  object,  3 
in  single-cell  organism,  10 
Formula  method  of  calculation,  310,  626- 
630,  632 

flexibility  of,  359,  445-447,  467 
Fort  W  ayne  Dairy  Equipment  Company, 
36 

Fraction,  reduction,  185 
Fractional  sterilization,  unreliability  of, 
26 

Fruits,  process  for,  93-94,  255 
Function,  Bessel,  222-224,  226,  247  324 
571-572,  601 

complex,  resolution  to  simple  function, 
2 

continuous,  244 
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Function,  discontinuous,  244 
engineering,  244 
Fu  345 
f/U,  334 
gamma,  324 
orthogonal,  220 
P,  601 

Pc,  415,  471,  502,  601 
Pc„  516,  578,  579,  603 
Ph,  415,  471,  502,  516,  602 
516,  576,  579,  603 
Px,  603 

Pq,  471,  502,  503,  600 
P„  516,  579,  600,  603 
p,  447,  503,  504 
Ph,  418 
p,  350 

trigonometric,  222,  243 
Y  and  Y 220,  351 
Z,  351 

Fundamental  science  identical  to  applied 
science,  6 

Fungi,  133-134,  136 

Gage,  pressure,  27,  54,  63-64 
Gamma  function,  complete,  324 
incomplete,  324 
Gasket,  retort,  63 
Gedankenversuch,  140 
Gelling  tendency,  270-272 
General  method  of  calculation,  291,  353, 
356,  595,  625 

Generalized  cooling  curve,  412-415,  507 
Generalized  heating  curve,  411-412,  507, 
604 

Generation  time,  137,  191,  192 
of  cells,  190-192 

Germination  of  bacteria,  delayed,  158 
Glass  Container  Association,  205 
Glass  containers,  coding  of,  65 
damage  of,  by  shock,  34,  67 
dimensions  of,  66 
maintaining  seal  of,  67 
precautions  for  handling,  67 
processing  of,  31,  61-67,  625-630 
Goose  neck,  54 
Grader,  quality,  21-22 
Gradient,  temperature,  219,  234 
Grasshoff  number,  254,  257 
Gravity,  acceleration  by,  254,  257,  259 
Green  Giant  Company,  75,  84,  85 

Growth,  of  microorganism  ( see  Bacterial 
growth) 

^  organic,  law  of,  178 
Growth  characteristics,  145-146,  190 
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Half-volume  point,  591 
Ham,  cooked,  156 
HCF  process,  96-99 
disadvantages  of,  97-98 
Headspace,  effect  of,  on  agitation,  36 
on  heating  curve,  273 
in  glass  containers,  64 
minimum,  78 
in  retort,  33,  63 
Heat,  concept  of,  179-182 
distribution  of,  31 
effect  of,  on  quality,  91-104 
latent,  of  steam,  43,  47-49,  256,  259 
lethal  ( see  Lethal  heat) 
preserving  foods  by,  1 
principle  of,  16 

quantity  of,  related  to  intensity  and 
time,  8 

radiation  of,  178 

resistance  to  ( see  Resistance  to  heat) 
sensible,  256,  259 
specific,  226,  234,  257,  261,  276 
sterilization  by  ( see  Sterilization) 

Heat  conduction,  219,  279 
Heat  energy,  45-49 
Heat  flow,  180,  219,  222 
Heat  penetration,  concept  of,  193 
curve  ( see  Curve,  heating) 
data,  212,  611-612,  626 
effect  of  agitation  on,  279 
equipment,  200-208 
practice  of,  24 

rate  of,  193-194,  278,  279,  633 

effect  of,  on  quality  of  food,  91-104 
factors  controlling,  10,  57,  256,  278- 
279 

tests,  cooling  in,  212 
in  corn,  24,  235 
duration  of,  211 
history  of,  208 

interpretation  of  results  of,  9,  23-24, 
111 

procedure  for,  208-213 
replicates  in,  8-9,  209 
refinement  needed  in,  10,  279 
of  water,  267 
theory  of,  24 

Heat  processing  ( see  Processing) 

Heat  transfer,  262 

through  can  wall,  262 
coefficient  of,  225,  226,  250—251,  257— 
259,  261 

on  outer  surface,  258 
Heat  transmission,  244 
coefficient  of,  218 

Heating,  conduction  ( see  Conduction 
heating) 
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Heating,  convection  ( see  Convection 
heating) 
dielectric,  70 
electrical,  69-73 

of  foods  in  containers,  methods  of,  37 
use  of  pressure  principle  in,  17 
immersion,  84 
induction,  70 
resistance,  70-73 
Heating  curve  ( see  Curve) 

Heating  medium,  223,  227 
Heating  temperature,  242-243,  247,  273 
Heating  time,  231,  292,  332 
Heating  tube,  316 

High-frequency  electrical  heating,  69-73 
High-short  sterilization,  92-104 
acid  foods  in,  94 
advantages  of,  93,  95 
commercial  use  of,  94 
definition  of,  92 
experimental  work  in,  93-94 
low-acid  foods  in,  92,  95 
principle  of,  91 

High-temperature  short-time  processing, 
23,  59,  92 

History,  of  processing,  15-24 
temperature,  569 
Hit,  lethal,  118 

Holding  containers  before  processing,  57, 
65 

Holding  time,  316.  626,  628,  629,  632,  G33 
Holding  tube,  316 

Hook-up,  retort,  for  steam  process,  55 
for  water  process,  64 
Hot-air  cooker,  37,  86-88 
Hot  junction  of  thermocouple,  209,  274 
Hydrodynamics,  222 
Hydrogen-ion  concentration  (pH),  182— 
183 

Hyperbola,  321,  357,  412 
Hypodermic  needle,  285 

Ideal  processing  conditions,  14 
Idealized  process,  300 
Immersion  vs.  spray  heating,  84 
Impairment  of  quality  in  process,  14,  lb, 
19,  22,  24 

Imperfecti,  fungi,  136 
Index  number,  241,  243 
Indicator,  water-level,  in  retort,  32 
Indices,  dummy,  226 
Induction  heating,  70 
Infinite  cylinder,  221,  223,  230-231,  > 

245 

Infinite  slab,  217-221,  230-231,  235,  241- 
244 
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Initial  temperature,  23,  57,  58,  65,  210, 
214,  216,  225-230,  234-235,  241-243, 
247,  273,  307,  332,  377-379,  412,  502, 
568,  600 
definition  of,  57 
effect  of,  on  vacuum,  58 
Inoculated  packs,  9 

characteristics  of,  280-282 
first,  25 

interpretation  of  results  of,  10,  287 
replicates  in,  9-10 
technic  of,  284 
Inoculating  loop,  142 
Inoculating  needle,  141 
Inoculation,  with  microorganisms,  8,  141- 
142,  284 
with  soil,  285 
Inoculum  (see  Inoculation) 

Instantaneous  cooling,  454 
Institute  of  Food  Preservation,  593 
Integral,  exponential  (see  Exponential 
integral) 
probability,  225 

Intensity  of  heat,  indicated  by  temper¬ 
ature,  8 

related  to  quantity,  8 
Interface,  vapor-liquid,  258 
Intermittent  sterilization,  unreliability 
of,  26 

Interpretation  of  results,  in  heat  penetra¬ 
tion,  8,  23-24 

of  inoculated  packs,  10,  287 
Interstices  in  foods,  255  ' 

Ionizing  radiation,  73,  117 
mathematics  applied  to,  8,  1 1 
Iso-F-value,  110-111,  119,  121-122,  1 24— 
129 

shell,  thickness  of,  127-129 

Iso-j-regions,  569,  577,  590-592,  596,  598- 
605 

coordinates  of,  572 
Iso-j-surface,  572 
volume  enclosed  by,  572 
Iso-j-value,  110,  125,  130 
Iso-mean  F-value,  126 
Isochronals,  265,  268-269 
Isothermal  surface,  571-573 

Jars,  dimensions  of,  66 
stacking  in  retort,  33 
thermal  shock  to,  34,  67 
Johnson  cooker,  77 

Katrineholm  Dairy,  86 
Kelvin  scale,  216 


Lag  factor  ( see  Factor) 

Lag  phase  of  bacterial  growth,  140 
Laplacian  operator,  222,  257 
Latent  heat,  of  condensation,  259 
of  steam,  43,  47-49,  256,  259 
Law  of  organic  growth  or  decay,  178 
Lethal  agent,  dose  of,  117 
Lethal  heat,  297,  358,  365,  377-380,  393- 
398,  401-403,  406-408,  470,  487,  488, 
502,  503,  505-508,  569,  589,  597,  632 
Lethal  hit,  118 

Lethal  rate,  301-302,  308-311,  318-319, 
345,  357,  504,  514 
Lethal-rate  paper,  303-307,  311 
Lethal  temperature,  25 
Lethality  curve,  298,  302-303,  314,  383- 
387,  390-393,  417,  595 
Lethality  value,  110,  190,  298-300,  302- 
303,  316-319,  326,  332,  354-355,  357, 
411,  412,  486,  487,  489,  491,  492,  495, 
496,  498,  499,  505,  516,  593,  598,  599, 
601-604,  605,  626-628 
determination  of,  171-172 
Lima  beans,  20 

Liquids,  high-boiling-point,  84-85 
corrosion  in,  84 
Lockjaw,  137 

Logarithmic  cycle,  161,  190,  196,  232,  247 
Logarithmic  destruction  rate,  114 
Logarithmic  phase  of  growth,  143,  153- 
154 

Logarithms,  Briggs,  145,  164 

Naperian,  145,  164,  190,  324,  501 
Loop,  inoculating,  142 
Low-acid  products,  processing,  16,  22-23, 
27,  69,  212 

Machine,  can  closing,  205 
Machinery,  pressure  processing,  74 
Magnetostatics,  222 
Maintenance  of  equipment,  53,  59,  64 
Manifold,  suction,  for  water  circulation, 
33 

venting  retort  through,  29 
Marmite,  use  of,  in  heating  food,  17  * 

Martin  system  of  processing,  95,  99-101 
A I  ass  as  fundamental  concept  in  science,  1 
“Mathematical  Solution  of  Problems  on 
Thermal  Processing  of  Canned 
Foods”  (MSTPCF),  12,  359-360 
393,  514 

Mathematical  treatment  related  to  struc¬ 
tural  complexity,  12 

Mathematics,  applied,  to  colloid  chemis¬ 
try,  11 

to  complex  molecules,  1 1 
to  electromagnetic  field,  2 
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Mathematics,  applied,  to  ionizing  radia¬ 
tion,  11 

to  ultimate  particles,  11 
as  check  on  experiment,  10 
fallacies  of,  144 

as  fundamental  instrument  of  science,  6 
statistical  vs.  precise,  12 
use  of,  in  food  technology,  tested,  7 
potent  for  future  accomplishment,  1 1 
to  reduce  experimentation  in  solving 
problems,  1-2,  5,  8,  10 
Maximum  registering  thermometer,  23, 
200 

Maximum  temperature  in  container,  571, 
600-606 

Meat,  potted,  effect  of  agitation  on,  36 
processing  of,  88,  94,  195,  231,  263-264 
Mechanism,  of  death  of  bacteria,  177, 
182-183 

of  heat  transfer,  262 
Media,  bacteriological,  26,  138-139,  182, 
279 

Medium,  heating,  223,  227 
Mesophilic  bacteria,  139 
Microaerophilic  bacteria,  154 
Micrococcus,  135 
Micromanipulator,  140 
Micron,  definition  of,  134 
Microorganic  spores  (see  Spores! 
Microorganisms,  age  of,  effect  on  resist¬ 
ance,  114 

behavior  of,  in  food,  10 
class  of,  137 
colony  of,  134 
contamination  by,  19-22 
distribution  of,  8 
family  of,  137 
flat  sour,  21,  280 
genus  of,  137 

growth  of,  mathematical  prediction  of, 

11 

injury  of,  by  heat,  112,  115,  116,  118, 
131 

inoculation  with,  8 
order  of,  137 
phylum  of,  136,  137 
probability  of  survival  of,  109-1 1 1 
rate  of  destruction  of,  117 
resistance  of,  to  heat  (see  Resistance 
to  heat) 
source  of,  20 
subphylum  of,  136,  137 
surviving,  23 
thermophilic,  20-21 
(See  also  Bacteria) 

Milk,  effect  of  agitation  on,  36 
evaporated,  22 
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Milk,  pasteurization  of,  156 
sterilization  of,  36,  75,  86-88,  93-94  97 
195,  263-264  ’ '  ’ 

Mistakes  in  processing,  how  to  avoid  59- 
60,  65-67 

Mixture,  steam-air  (see  Steam-air 
mixture) 

Model  heating  curve,  411-412,  507,  604 
Modulus,  Fourier,  227 
Mold,  effect  of  oxygen  on,  157 
food  spoilage  by,  16,  157 
resistant  strains  of,  157 
slime,  134 

Mold  spores,  7-8,  136 
Molecules,  complex,  mathematics  applied 
to,  11 

energy  of,  179,  182-183 
momentum  of,  182-183 
velocity  of,  182-183 
Monomolecular  reaction,  178 
MSTPCF  (“Mathematical  Solution  of 
Problems  on  Thermal  Processing  of 
Canned  Foods”),  12,  359-360,  393, 
514 

Mushrooms,  20 

Naperian  logarithms,  145,  164,  190,  324, 
501 

National  Canners  Association,  20,  25,  27, 
31,  53,  55,  59,  64,  76,  200-202,  287 
Needle,  hypodermic,  285 
inoculating,  141 

Nested  cylindrical  containers,  570 
Net  weight,  212 
Newtonian  liquid,  270 
Nitrobacteriaceae,  136 
Nomogram,  317 

causes  of  errors  in,  608 
Nonspore-formers,  135 
Nozzles,  fishtail,  31 
Number,  index,  241,  243 
Nusselt  equation,  258 
Nusselt  number,  254,  257,  258,  261 
Nutrition,  animal,  4 
Nutritive  quality,  destruction  of,  509, 
515-516,  569,  575,  589,  592,  597, 
599-601,  605-606 

Objects,  complex  inanimate,  statistical 
treatment  of,  12 
Oil,  corrosion  in,  84 

as  processing  medium,  84 
Okada  theory  of  convection  heating,  254 
Onions,  processing,  59 
Operation,  retort  (see  Retort) 
Operational  concept  (see  Concept) 
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Optimum  growth  temperature  of  bacteria, 
139 

Order  of  a  process,  190,  398,  501,  599,  G17 
Organic  growth  or  decay,  law  of,  178 
Organism,  complex,  behavior  of,  2 
statistical  treatment  of,  12 
fraction  of,  176 

growth  characteristics  of,  145-146,  190 
stamina  characteristics  of,  190 
Organoleptic  quality,  destruction  of,  25 
Orthogonal  function,  220 
Osmosis,  influence  on  behavior  of  micro¬ 
organisms,  10 
Overflow,  retort,  62 
venting  retort  through,  30 
Owens-Illinois  Glass  Company,  287 

Packs,  inoculated  ( see  Inoculated  packs) 
Paper,  lethal-rate,  303-307,  3 1 1 
Papin,  applied  pressure  principle  in  heat¬ 
ing  foods,  17 
Parallelopiped,  226 
length  of,  247 

Parameter,  228,  247,  357,  410,  632 
developing  working  tables  of,  446 
identification  of,  228 
Partial  sterility,  183-184,  291-296,  311 
Partial  sterilization,  26,  291 
Particles,  ultimate,  behavior  of,  2 

difficulty  of  applying  mathematics 
to,  11 

statistical  treatment  of,  12 
Pasteur,  Louis,  triumph  over  silkworm 
disease,  7 
Pasteurization,  26 
Pasteurization  unit,  624,  633 
Peas,  contamination  of,  20-21 
processing  of,  57,  75,  93,  94,  160,  195, 
287,  356 

vacuum-packed,  75,  84 
washing  after  blanching,  21 
Peclet  number,  254,  257 
Penetration,  heat  ( see  Heat  penetration) 
Peppers,  green,  processing,  59 
Per  cent  sterilization,  386,  392,  415-416 
454,  459-460 

Percentage,  of  reduction,  583-587,  599 
of  survival,  575,  579,  583,  584,  586-589, 
593,  599,  604-606 

Perchloroethylene  as  processing  medium 
86 

Peripheral  surface,  598,  600,  602,  604,  605 

Phantom  curve,  300,  511 

Phycomycetes,  136 

Phylum,  136,  137 

Pipette,  141,  285 

Plant  succession,  155 
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Plates,  divider,  in  retort  baskets,  28 
Pocket,  air,  in  retort,  38,  43-44 
thermometer,  for  water  process,  61 
Point,  critical  ( see  Critical  point) 
death,  25 

destruction,  170-172,  590 
half-volume,  591 
“running,”  164 
survival,  170-172 
thermal  death,  168-169 
yield,  270-271 
Poisoning,  food,  136,  156 
Polar  coordinates,  570 
Polar  spores,  135 
Position  coordinates,  229 
Potentiometer,  206,  209-210 
automatic,  211 

Prandtl  number,  254,  257,  261 
Precautions  for  handling  containers,  67 
Preheating  food  in  container,  22 
Premises,  through  experiment,  7 
of  process  calculation,  10 
on  survival,  280 
validity  of,  7 

Preservation  of  food,  before  Appert,  15,  16 
by  dehydration,  16 

without  destruction  of  all  bacteria,  15 
resulting  from  natural  phenomena, 
15-16 

with  salt,  16,  160,  183 
science  in,  1 
with  sugar,  16 
with  vinegar,  16 

Pressure,  air,  in  retort,  32-52,  66 
of  steam-air  mixture,  39-52 
Pressure  controller,  27,  62,  208 
Pressure  cooker,  continuous,  advantages 
of,  35-36 

Pressure  cooling,  54,  60,  209 
Pressure  gage,  27,  54,  63-64 
agreement  of,  with  thermometer,  49- 
50,  53 

Pressure  principle  in  heating  foods,  17 
Pressure-temperature  relationship,  53-58 
Pressure  test,  retort,  33 
Principle,  pressure,  in  heating  food,  17 
of  sterilization  by  heat,  16 
Prism,  thickness  of,  247 
width  of,  247 

Probability  of  survival,  109 
greatest,  definition  of,  119,  121,  122 
Probability  integral,  225 
Problems,  biological,  example  of  mathe¬ 
matical  solution  of,  4 
of  science,  with  practical  application,  1 
too  complex  for  mathematics  1 
Procedure,  canning,  57-59 
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Process,  agitating,  35,  74-88 
Appert’s,  16,  17,  20,  23 
automatic  control  of,  34 
Avoset,  98-99 

calculation  of,  premises  of,  10 
consistency  of  product  in,  78 
continuous,  35 
Cremogevac,  90 
designation  of,  23-24 
divided  ( see  Divided  process) 
effect  of  acidity  of  food  upon,  16 
efficiency  of,  20 
end-over-end,  79-82 
end  point  of,  114-117 
HCF,  96-99 
idealized,  300 

impairment  of  food  quality  in  ( see 
Quality  of  food) 

Martin,  95,  99-101 
operation  of,  changing  ideas  on,  23 
order  of,  190,  398,  501,  599,  617 
simple  ( see  Simple  process) 

Smith-Ball,  101-104 
steam,  equipment  for,  53 
sterilizing  ( see  Sterilization) 
Sterilmatic,  77-78 
still,  technic,  74 
Strata-cook,  89-90 
sufficiency  of,  criterion  of,  111-113, 
115-116,  131-132,  626 
temperature  of,  23-24,  92,  216 
time  of,  23-24,  92 
timing  of,  58 
water,  61-67 

(See  also  specific  products  and  proc¬ 
esses) 

Processes,  commercial,  establishment  of, 
25 

lengthened  in  “cut-and-try  ”  opera¬ 
tion,  19 

specifications  of,  10,  25 
equivalent,  377-379,  387,  462,  470-471 
Processing,  bacteriology  of,  25 
conditions  shown  by  curves,  8 
ideal,  14 

heat,  of  acid  products,  16,  22,  24,  255, 
263-264 

Appert’s  method  of,  16,  17,  20,  23 
art  of,  16 

circulation  of  air  in,  88 
in  high-boiling-point  liquids,  84-85 
of  low-acid  products,  16,  22-24 
of  meat  and  fish,  88,  94,  195,  231, 
263-264 

of  semiacid  products,  22 
strain  of  cans  in,  53,  60,  85 


Processing,  heat,  of  vacuum-packed  foods 
58,  75-76,  255,  303 
of  vegetables,  57,  59,  75-78,  93-95 
97-98,  255,  263-264 
in  water,  61-67 

high-temperature,  short-time,  23,  59 
92 

historical  review  of,  15-24 
holding  containers  before,  57,  65 
mistakes  in,  how  to  avoid,  59-60 
by  scientific  methods,  25 
technic,  advances  in,  10,  17-19,  22-23 
Profile  of  can  end,  85 
Promoter  of  dropwise  condensation,  259 
Proportionality  factor,  111,  177,  596 
Propylene  glycol,  corrosion  in,  84 
as  processing  medium,  84 
Protozoa,  134 

Proximity  of  spores,  113-116,  131,  283 
Pseudo-slope,  399,  406 
Psychrophilic  bacteria,  139 
Pteridophyta,  136 
Pump  for  circulating  water,  33 
Pumpkin,  processing  of,  20,  195 
“Pure”  steam,  28,  44 
Putrefactive  anaerobe  No.  3679,  101 

Quadrants,  live  and  dead,  31 
Quality,  of  food,  deterioration  of,  in  stor¬ 
age,  592 

effect,  of  agitation  in  process,  35 
processing  temperature,  91-104 
of  rate  of  heat  penetration,  91-104 
impairment  of,  in  process,  11,  14,  16, 
18-19,  22,  24-25,  35,  59,  90-91,  94, 
509-510,  589 
measures  to  preserve,  26 
need  for  improvement  of,  19,  22 
as  process  requirement,  14 
organoleptic,  destruction  of,  25,  129 
Quality  grader,  21 
Quotient,  temperature,  188,  191 

Radiation  of  heat,  178 
Radiations,  ionizing,  73,  117 

mathematics  applied  to,  8,  11 
Rankine  scale,  216 
Rate,  of  destruction,  156,  159-160 
of  heat  penetration  ( see  Heat  penetra¬ 
tion) 

lethal  (see  Lethal  rate) 
of  sterilization,  292-296,  299,  302 
Ratio,  dimensionless,  261 
of  surface  to  volume,  264 
Rationalization,  inductive,  process  of,  b 
more  difficult  than  acquiring  facts,  7 
Rays,  absorption  of,  178 
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Reaction,  monomolecular,  178 
Reaktions  Geschwindigkeit  Temperatur, 
(R.G.T.),  188 

Recorder,  pressure  and  temperature,  54, 
62,  64 

Rectangular  rod,  231,  235 
Reduction,  percentage  of,  583-587,  599 
Reduction  exponent,  191 
Reduction  fraction,  185 
Regulators,  automatic,  34 
Relationship  among  beings,  forces  that 
govern,  3 

Reliability  of  data,  290 
Rep  (Roentgen  equivalent  physical),  1 17 
Replicates,  in  heat  penetration  test,  8-9, 
209 

in  inoculated  pack,  9-10 
in  thermal  death  time  test,  9 
Research,  A,  4 
applied,  1 
basic,  1 

vs.  applied,  practical  concept  of,  2 

f,  4 

impracticable,  1 

Resistance,  surface,  217-218,  223 
Resistance  to  heat,  8,  25,  119-125,  155, 
190 

effect  of  concentration  on,  112-114, 

131,  184-185,  280 

highest,  microorganism  of,  111,  120- 
125,  129,  177 

individual,  111-115,  118,  120,  177-179 
initial,  distribution  of,  111 
of  spores,  25,  119-125,  181,  278-279 
test  of,  282 
of  yeast,  625 

Resistance  heating,  70-73 
Respiratory  characteristics  of  bacteria, 

154 

Results,  interpretation  of,  in  heat  pene¬ 
tration,  8 

in  inoculated  packs,  10,  287 
Retort,  air  pressure  in,  22 
atmosphere,  volume  element  in,  44-46 
bacteriological,  141 
bleeders,  location  of,  30 
completely  automatic,  35,  67-68 
control,  53 
automatic,  34 

Universal  Retort  Control  System 
35,  67-68 

and  crate  diameters,  32 
cycle,  33 
drain,  30,  63 

in  glass  processing,  32 
equipment,  27-28,  53,  60,  208 
care  of,  55,  64 


Retort,  gasket,  63 
headspace,  33,  63 
hook-up,  55,  64 

operation,  importance  in  processing,  2, 
14,  15 

procedure  in,  57 
scientific,  27 
overflow,  30,  62 
pressure  test,  33 
safety  valve,  31,  63-64 
sealing  device  for,  63 
stacking,  cans  in,  28 
jars  in,  33 

temperature,  214,  307-311,  332,  345, 
357,  377,  379,  393-404,  412,  501- 
507,  568,  599-606,  632-633 
holding  of,  27 

rate  of  rise  of,  354-356,  622,  628 
variation  in,  2,  15,  27 
thermocouple,  210 
venting,  27 
vents,  bottoms,  30 
design  of,  28 
location  of,  28 
top,  29-30 

Retorting,  double,  23 
Retorts,  agitating,  22 
dimensions  of,  32-33 
early  use  of,  18-19 
explosion  of,  27 
rotating  reel  type,  22 
Reynolds  number,  254,  257,  261 
R.G.T.,  188 

Rheopectic  property,  270-271 

Rod,  rectangular,  231,  235 

Roentgen  equivalent  physical  (rep),  117 

Root  nodule  bacteria,  155 

Roots  of  equations,  222,  224,  247 

Rotating  reel  retort,  22 

Rotation  of  containers,  end-over-end,  79 

Rotifers,  134 

Saccharomycetes,  136 
Safety  factors,  hidden,  155-157 
taken  for  granted,  157 
Safety  valve,  retort,  31,  63-64 
Salmon,  process  for,  88 
Salmonella  paratyphi,  167 
Salt,  food  preservation  with,  15,  160  183 
Salt  bath  ( see  Bath) 

Salt  solution,  superheated  steam  in,  45 
Sampling,  adequate  and  inadequate,  287 
Sanitation,  control  of  contamination 
through,  20 
Sarcina,  135 

Saturated  steam,  39-52,  208,  218 
Saturated  water  vapor,  42 
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Scale,  temperature  (see  Temperature 
scale) 

Schizomycetes,  130-137 
Schultz-Olson  theory,  249 
Science,  basic,  4 

biological,  reactions  obscure,  2 
in  food  preservation,  1 
mathematics  in,  1 
Scott  orifice-type  viscosimeter,  266 
Seal  for  glass  containers,  67 
Sealing  device  for  retorts,  63 
Sealing  temperature  of  container,  57-64 
Seams  of  cans,  60 

Semiacid  products,  processing  of,  22 
Semi-infinite  solid,  225 
Semilog  curve,  161-166,  192-200,  213, 
510,  627-628 

equation  of,  161-164,  198-200 
origin  of,  196,  214,  247 
slope  of,  164 
Semilog  coordinates,  600 
Sensible  heat,  256,  259 
Shape  of  food  pieces,  effect  of,  250 
Shearing  force,  270 

Shock  damage  of  glass  containers,  34,  67 
Short-time  high-temperature  processing, 
23,  59,  92 

Silkworm  disease,  7 
Simple  process,  23,  376-378,  454-456, 
458,  460,  461,  463,  478,  479,  486,  489, 
490,  495,  498 
Single-unit  action,  1 18 
Size,  of  container,  effect  of,  24,  240,  274 
of  food  pieces,  effect  of,  255 
Skips,  170,  172-177,  184 
Slab,  coordinates  of,  221 

infinite,  217-221,  230-231,  235,  241- 
244 

heating  of,  infinite  surface  conductiv¬ 
ity,  217 

surface  at  zero  temperature,  218 
thickness  of,  226,  247 
Slant,  agar,  140 

Slime  in  cannery  equipment,  21 
Slope,  of  cooling  curve,  320-325,  357,  454, 
501,  503,  505,  578,  601-604,  629 
of  heating  curve,  195-200,  214,  234- 
236,  240-241,  245-247,  250-251, 
257,  317,  357,  393-396,  399,  406- 
408,  501,  503,  505,  506,  507,  578, 
590,  596,  600,  602-604,  606,  632 
pseudo,  399,  406 
of  PC-(J  curve,  443 
of  semilog  curve,  164 
of  survivor  curve,  172,  175—176,  580- 
581,  583-584,  586-587,  600 
of  TDT  curve,  170-172,  187,  515,  599 
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Slope,  of  thermal  destruction  time  curve 
515,  600 

Smith-Ball  process,  101-104 
Smithsonian  Physical  Tables,  315 
Sodium  chloride  bath  for  processing  food 
17 

boiling  point  of,  18,  42 
disadvantages  of,  18 
vapor  pressure  of,  43 
Soil,  inoculation  with,  285 
Solid,  curvilinear,  221 
semi-infinite,  225 

Solid  objects,  heating  in  steam-air  mix¬ 
ture,  47-49 

Solution,  mathematical,  practical  value 
vs.  precision,  3 

organic  vs.  particulate  type,  3 
salt,  superheated  steam  in,  45 
Sound,  222 

Soups,  cream,  processing  of,  94,  195,  263- 
264 

thin,  processing  of,  195 
Specifications  for  sterilizing  process,  com¬ 
mercial,  10 
Spermatophvta,  136 
Sphere,  230^231,  235 
Spinach,  processing  of,  20,  255,  287 
Spiral-type  cooker,  74-75 
can  sizes  used  in,  78 
flexibility  of,  78 
nonagitating,  77 
Spirilla,  135 
Spirochaetales,  136 

Spoilage  of  food,  in  center  of  can,  23-21 
development  of,  24,  112-113 
by  mold,  16 

Spoilage  microorganisms  ( see  Microorgan¬ 
isms) 

Spores,  bacterial,  135-136 
death  points  of,  25 
dormancy  of,  26 
environment  of,  120,  121 
equatorial,  135 
flat  sour,  21,  280 
mold,  7-8,  136 

numbers  of,  influence  of,  in  inoculated 
packs,  283 
polar,  135 

.  proximity  of,  113-116,  131,  283 
rate  of  destruction  of,  114 
resistance  of,  to  heat,  25,  119-125,  1  i 
278-279 
size  of,  180 

suspension  of,  120,  131,  282 
thermophilic,  20-21 
Sprays,  water,  in  blancher,  21 
in  cooling,  88 
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Sprays  vs.  immersion,  84 
Spreader,  circulating  water  through,  33 
venting  retorts  through,  29 
Stack-burn,  59,  GG 
Stacking,  cans  in  retort,  28 
jars  in  retort,  33 
Stacking  equipment,  28 
Stamina  characteristics,  190 
Staphylococcus,  135,  136,  156 
Starch,  “free,”  78 
Starch  solution,  2G6,  275,  354 
Statistical  treatment,  of  complex  inani¬ 
mate  objects,  12 
of  complex  organisms,  12 
of  ultimate  particles,  12 
Statistics  vs.  precise  mathematics,  12 
Steam,  advantage  over  water,  34 
behavior  of,  with  air,  40-41 
condensation  of,  in  steam-air  mixture, 
40 

on  surface,  258-2G1 
diffusion  of,  with  air,  40,  45,  51 
distribution,  27,  30 
in  glass  processing,  31 
heat  energy  of,  45-46 
introduction,  31 
latent  heat  of,  43,  46-49 
“pure,”  28,  44 
saturated,  208,  218 

in  steam-air  mixture,  39-52 
sensible  heat  of,  43,  47 
superheated,  39 
in  salt  solution,  45 
in  steam-air  mixture,  40-52 
Steam-air  mixture,  32,  47 
circulation  of,  40,  44,  46-48 
equilibrium  in,  38-52 
heating  solid  objects  in,  47-49 
pressure  of,  39,  42-52 
saturated  steam  in,  39-52 
in  steam  processing,  37-38,  58 
sterilization  in,  disadvantage  of,  37-38 
superheated  steam  in,  40-52 
unpredictable  condition  of,  46 
Steam  by-pass,  30,63 
Steam  chest,  141 
Steam  line,  30 

Steam  process,  equipment  for,  53 
Sterility,  additive  propertv  of,  184-186, 
291 

algebra  of,  291 
commercial,  13 
concept  of,  183-185 
curve,  292-296,  299-303,  414-415,  418 
equation  of,  414 
diagram,  292-294 
partial,  183-184,  291-296,  311 
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Sterility,  value  of,  184,  189,  313-316,  414, 
418,  629,  632-633 
Sterilization,  in  air,  37 
autoclave  in,  17-18 
of  bacteriological  media,  26 
concept  of,  291 
criterion  of  (see  Criterion) 
definition  of,  13,  292 
flash,  316,  622 
fractional,  26 

by  heat,  calculation  procedure  for,  8 

high-short,  92-104 

intermittent,  26 

by  ionizing  radiation,  73,  117 

nature  of,  7 

partial,  26 

per  cent,  386,  392,  415-416,  454,  459, 
460 

principle  of,  16 

requirements  of,  2,  3,  14,  22,  24 
in  steam,  37 

Sterilization  area,  386-387,  390 
unit,  293-296,  299,  385,  389,  574 
Sterilizing  effect,  25 
Sterilizing  rate,  292-296,  299,  302 
Sterilizing  value,  298 
Sterilmatic  process,  77-78 
Stock  culture,  140 
Storage  of  containers,  66 
Storage  temperature,  66 
Strain  of  cans  in  processing,  53,  60,  85 
Strata-cook  process,  89-90 
Stratification  in  can,  57 
Streptococcus,  135 

Structural  complexity  related  to  mathe¬ 
matical  treatment,  12 
Stuffing  box,  201-206 
Subphylum,  136,  137 
Substrate,  bacterial,  139,  144,  152,  279 
Suction  manifold  for  water  circulation,  33 
Sugar,  food  preservation  with,  16 
Sugar  solution,  266 
Supply  line,  air,  32 

Surface,  condensation  of  steam  on,  258- 
261 

flat,  225 

isothermal,  571-573 
peripheral,  598,  600,  602,  604,  605 
Surface  coefficient,  225,  226 
Surface  conductance,  244-246 
Surface  conductivity,  217-218,  223 
Surface  resistance,  217-218,  223 
Surface  temperature,  218-219 
Surface  tension,  influence  on  behavior  of 
microorganisms,  10 
Surface-to-volume  ratio,  264 
Survey  of  factory,  microbiological,  20-21 
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Survival,  greatest  probability  of,  defini¬ 
tion  of,  110,  119,  125 
percentage  of,  575,  579,  583,  584,  586- 
589,  593,  599,  604-606 
premise  on,  280 

probability  of,  109,  175,  283,  285-286, 
297 

region  of,  111-113,  125-126,  131,  176 
flexibility  in  determining,  129 
relation,  of,  to  heat  penetration,  125- 
126 

to  volume,  125-126 
Survival  point,  170-172 
Survival  range  of  bacteria,  139 
Survivor  curve,  110,  117-119,  122-124, 
130,  156,  159,  161-167,  182,  184-185, 
281,  510-513,  568-569,  579,  599-600, 
605 

deviation  of,  159 
effect  of  mixed  cultures  on,  166 
equation  of,  176,  178 
nature  of,  117 

slope  of,  172,  175-176,  580-581,  583- 
584,  586-587,  600 
Swedish  Farmers  Association,  86 
Switch,  multipoint,  209-212 
Symbiosis,  154-155,  282 

Tables,  Smithsonian  Physical,  315 
Target  theory,  118 
Taylor  can-temperature  tester,  213 
Taylor  Instrument  Companies,  67 
Taylor  Universal  Retort  Control  System, 
‘  67 

TDP  (thermal  death  point),  168-169 
TDT  (see  Thermal  death  time) 
Temperature,  can,  307,  311,  332,  399-404, 
406 

testing  device,  200-207,  213 
closing,  58,  274-275 
concept  of,  4,  179-182 
on  microscopic  scale,  179 
in  container,  average,  569,  574,  592, 
597 

equation  of,  250 
maximum,  571,  600-606 
of  cooling  water,  332,  358,  398,  401, 
412,  504,  568,  601 
critical,  25 
definition  of,  179 

distribution  of,  27,  31,  196,  216-219, 
223,  225,  228-230,  232,  234-235, 
241-244,  247,  249,  265,  269 
initial,  effect  of,  on  lag  factor,  233 
heating,  242-243,  247,  273 
history,  569 

initial  (see  Initial  temperature) 


Temperature,  lethal,  25 

low,  food  preservation  by,  15 
nonuniform,  38 
of  process,  23-24,  92,  216 
retort  (see  Retort) 
sealing,  of  container,  57 
storage,  66 
surface,  218-219 
zero,  223,  241 

Temperature  control  bulb,  location  of,  C 
Temperature  controller,  27,  61-63,  208 
Temperature  gradient,  219,  234 
Temperature-Pressure  relationship,  53,  t 
Temperature  quotient,  188,  191 
Temperature  recorder,  54,  62,  64 
Temperature  scale,  canonical,  216,  227, 
242,  319,  413 
centigrade,  216 
Fahrenheit,  216 
Kelvin,  216 
Rankine,  216 
transformation  of,  317 
Test,  heat  penetration  (see  Heat  penetr.; 
tion) 

pressure,  of  retort,  33 
Tetanus,  137 
Thallophvta,  136-137 
Theory,  dimensional,  254 
Thermal  conductivity,  219,  226,  234,  25 
coefficients,  593 

Thermal  death  point  (TDP),  168-169 
definition  of,  168 

Thermal  death  time  (TDT),  191,  292, 
296,  311,  345,  460,  508 
concept  of,  116-117,  168,  176,  183-18 
291 


definition  of,  168 

Thermal  death  time  curve,  8,  169-172, 
192,  281,  287,  300,  411,  501,  507,  51 
515,  601 
criteria  of,  171 
equation  of,  172 
primitive,  171 

Thermal  death  time  tests,  refinement 
needed,  10,  279,  281 
replicates  in,  9 

Thermal  destruction  time,  117 
Thermal  destruction  time  curve,  415,  4-1 
504,  512-516,  599,  600 
Thermal  diffusivity  (see  Diffusivity) 
“Thermal  Process  Time  for  Canned 
Foods’’  (TPTCF),  12,  320,  322,  3* 

353,360-374,411,593,595 
Thermal  reduction  time  (TRT),  185  b 
191,  192,  291,  311 
Thermal  resistance,  259 
Thermal  shock  to  jars,  34 
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Thermocouple,  27,  200-212 
accuracy  of,  200 
Bakelite,  205-209 
cold  junction  of,  208-210 
connector  type,  205-207 
copper-constantan,  202-207,  209 
hot  junction  of,  209,  274 
location  of,  230,  26G,  275 
retort,  210 

wires,  conduction  of  heat  by,  279 
Thermoduric  bacteria,  140 
Thermometer,  agreement  with  pressure 
gage,  49-51,  53 
indicating,  27,  53,  Gl-64 
maximum  registering,  23,  200 
recording,  54 

Thermometer  pocket  for  water  process, 
G1 

Thermophilic  bacteria,  139 
Thermo-Roto  cooker,  36,  83-84 
Thiamine,  destruction  of,  509,  511-512, 
515,  592,  594-595 
Thiobacteriales,  136 
Thixotropy,  182,  270-271 
Time,  coming-up  ( see  Coming-up  time) 
cooling,  23,  2G,  61,  6G,  21 1,  316,  626, 
629,  630 

decimal  reduction,  162-164,  185,  187- 
189,  600 

generation,  137,  190-192 
heating,  231,  292,  332 
holding,  316,  626,  628,  62!),  632,  633 
process,  length  of,  23-24,  92 
related  to  quantity  of  heat,  8 
thermal  death  ( see  Thermal  death 
time) 

Time  scale,  transformations  of,  317 
Time-temperature  relationship,  8,  24 
Timing  of  process,  58 
Tin  can,  first  use  of,  17,  20 
Titles  of  problems,  376-380 
TPTCF  ( see  “Thermal  Process  Time  for 
Canned  Foods”) 

1  ransformations  of  time  and  temperature 
scales,  317 

Transfer,  heat  ( see  Heat  transfer) 
Transmission,  heat,  244 
coefficient  of,  218 

Trichloroethylene  as  processing  medium, 
86 

Trigonometric  function,  222,  243 
TRT  (see  Thermal  reduction  time) 

Tube,  heating,  316 
holding,  316 

Tubing,  asbestos,  201,  205 
brass,  201-202 
copper,  201-202 


Ultrahigh  frequency,  70 
Uniformity  of  product  as  process  require¬ 
ment,  2 

Unit,  pasteurization,  624,  633 
Unit  action,  single-,  118 
Unit  sterilization  area,  293-296,  299,  385, 
389,  574 

Unit  volume,  598-599,  601-605 
concept,  111-112,  115,  122-123 
U.S.  patents,  592,735,  71 
645,569,  71 
1,468,871,  71 
1,522,188,  71 
1,911,879,  72 
1,984,956,  71 
2,013,675,  72 
2,029,303,  97 
2,091,263,  72 
2,396,265,  97 

2.502.196,  90 

2.502.197,  90 
2,517,542,  83 
2,541,113,  104 
2,639,991,  104 
2,660,513,  104 
2,685,520,  101 
2,716,609,  86 

U.S.  Work  Projects  Administration,  315, 
327 

Universal  Retort  Control  System,  35,  67- 

68 

Unsaturated  water  vapor,  45 

Vacuum  in  container,  57,  212,  256 
effect  of  initial  temperature  on,  58 
Vacuum-packed  foods,  processing  of,  58, 
75-76,  255,  303 

Value,  lethality  (see  Lethality  value) 
sterility,  184,  189,  313-316,  414,  418, 
629,  632-633 
sterilizing,  298 
Valve,  by-pass,  30,  63 
drain,  30,  63 

safety,  on  retort,  31,  63-64 
steam  and  air,  63 
Van’t  Hoff  rule,  188 
\  apor,  water  (see  Water  vapor) 
Vapor-liquid  interface,  258 
Vapor  velocity,  258 

Vegetables,  processing  of,  57,  59,  75-78 
93-95,  97-98,  255,  263-264 
Velocity,  of  molecules,  182-183 
of  vapor,  258 
vector,  254,  257 

Velocity  constant,  178,  187-189 
Venting  retorts,  27-28,  38,  58 
through  drain,  30 
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Venting  retorts,  through  manifold,  21) 
through  overflow,  29 
through  water  spreader,  29 
Vents,  retort,  design  of,  28 
location  of,  28 
top,  29-30 
valve-controlled,  28 
Verification  of  conclusions,  5 
Vibrio,  135 

Vinegar,  food  preservation  with,  16 
Virus,  destruction  of,  25,  130 
Viscosimeter,  Scott  orifice-type,  266 
Viscosity,  254-255,  258-259,  266,  270- 
272,  275-276 

Vitamins,  destruction  of,  25,  129 
Volume,  ratio  of  surface  to,  264 
unit  ( see  Unit  volume) 

Volume  coordinates,  571,  573 
Volume  element,  316 

of  retort  atmosphere,  44-46 

Warning  device,  automatic,  32 
Washing  peas  after  blanching,  21 
Water,  blancher,  bacterial  spores  in,  20 
chlorination  of,  21 
foam  on,  21 
temperature  of,  21 
boiling  of,  in  retort,  49-52 
circulation,  maintained  by  air,  32,  61 
maintained  by  pump,  33,  64 


Water,  cooling  ( see  Cooling  water) 
hot,  supply,  63 
rate  of  heating,  61 
in  vacuum-packed  foods,  75-76 
Water-level  indicator  in  retort,  32,  34 
Water  process,  61-67 
Water  spreader,  29 
Water  vapor,  condensation  of,  43 
density  of,  42 
diffusion  of,  in  air,  41 
saturated,  42-52 
unsaturated,  42-52 
Weight  of  container  contents,  drained, 
212 

net,  212 

Winslow,  pioneer  in  pressure  cooking,  17 
Wonder  cooker,  36 
Work  Projects  Administration,  U.S., 
315,  327 

X  rays,  73 

Yeast,  134 

heat  resistance  of,  625 
Yield  point,  270-271 

2  value,  determination  of,  171-172 
Zero  temperature,  223,  241 
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Sterilization  in 


